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PART 1 
SUMMARY 
The work described in this part of the thesis is 
involved mainly with uprating a 55W air-turbine driven permanent 
magnet generator to 250W. It is shown that the electrical 
performance of the generator can be predicted from a simple 
equivalent circuit comprising an, induced emf source with a 
series inductance and resistance. When matching the generator 
and turbine characteristics iron losses are included as an 
additional torque requirement. 
Analysis has identified that the most important para- 
meters which determine the rating-of the generator are the 
stator flux.., linkage,. sstator inductance, and number ý, of pole,,, pairs. 
Investigations have therefore centred around the calculation of 
these quantities. Previous design methods for calculating the 
parameters have been dependent on experimental data for 
particular magnet geometries. They are not sufficiently general 
to permit design calculations for magnets having radically 
different shapes or properties. Therefore the finite element 
method is used to predict the magnetic field distribution, from 
which the stator winding flux linkages and inductance, and the 
saliency torque, are predicted, an important parameter when 
matching the turbine and generator at starting. The finite 
element method offers significant advantages over analytical 
methods because it can account accurately for leakage flux, it 
can handle complex configurations of magnetic circuit and the 
directional properties of the magnet, and it allows different 
parts of the magnet to operate at different flux density levels. 
II 
The performance of the generator is predicted with reasonable 
accuracy. - 
Alternative rotors for the 250W generator have been 
designed and tested. Results have shown that the existing. 
generator can be adapted to the 250W design simply by using a 
rare-earth magnet rotor, and selecting a suitable stator 
winding turns factor for matching the generator and bulb. Two 
methods of matching the load characteristics of the turbine, 
generator and bulb, to produce an acceptable system have been 
developed. 
A simple electronic protection circuit has been designed 
to prevent the 250W generator from overspeeding in the event of 
bulb failure. Additionally it can limit over-voltages, caused 
by variations in the pressure of the air supply, which would 
otherwise decrease the life of the bulb. 
LIST OF PRINCIPAL SYMBOLS 
A magnetic vector potential 
A effective area of end-winding reluctance a 
A effective area of airgap path g 
A cross-sectional area of magnet m 
ADE area of airgap path 
AEF effective area of leakage reluctance 
B flux density 
BDE useful flux density 
BEF leakage flux density 
B airgap flux density g 
B flux density at (BH) m max 
B magnet flux density mag 
B remanent flux density 
r 
Bstab stabilised flux density 
B flux density in x direction x 
B flux density in y direction y 
B9 radial flux density 
B tangential flux density 
ra 
C capacitor/gradient of turbine torque-speed curve . 
CI equivalent iron-loss constant 
D pressure constant/diameter of rotor 
do normal stress 
dt tangential stress 
E open-circuit emf 
e element 
F_ force 
f supply frequency 
G gain of integrator 
G gain of-multiplier Xy 
Gac gain of a. c. filter 
H magnetic field strength 
H coercivity magnetic field strength e 
Hg magnetic field strength across airgap 
H magnetic field strength at (BH) m max 
Hstab stabilised magnetic field strength 
I current/energy functional 
J current density 
i equivalent magnetic current density 
m 
K, K' peak flux linkage 
L, L" stator winding inductance 
Le end-winding inductance 
L total slot inductance s 
Lgm total airgap-magnet inductance 
Qa effective length of end-winding reluctance 
2g effective airgap length 
length of magnet m 
Qr rotor pole width 
es stator pole width 
M magnetisätion 
N number of stator winding turns per pole 
n turns factor 
nmin optimum turns factor to operate generator at minimum 
speed 
P total power of generator 
PL power supplied to load 
PLmax maximum output power 
Pmax maximum power of generator 
p pole pairs/coefficients 
R, R' stator winding resistance 
RL resistance of tungsten bulb 
RD dummuy resistor 
Rv variable resistor 
Rg gate resistance . 
r radius of rotor/coefficient 
S reluctance 
Sg airgap reluctance 
Sm reluctance of magnet 
Se end-winding reluctance 
Ss reluctance per slot 
ST total reluctance 
SDE airgap reluctance 
SEF leakage reluctance 
S1-9S2 coefficients 
LS1 stiffness matrix 
T total torque of generator/arc length of magnet pole 
Tmax maximum torque of generator 
TL equivalent output torque 
Ti equivalent iron-loss torque 
To turbine standstill torque 
Tt turbine torque 
Ti equivalent hysteresis loss torque 
t axial length of stator 
VD voltage across dummuy resistor RD 
VL peak rated voltage across bulb _ 
Vg triac gate voltage 
Vgt triac gate turn-on voltage 
Vs peak voltage across stator winding 
V1 voltage from summer amplifier 
V2 voltage from a. c. filter 
w axial length of rotor 
coefficient 
angle of preferred magnetisation M 
efficiency 
g mechanical displacement angle 
8 rotor speed 
9 rotor speed at which T occurs max max 
permeability of free space 
ýl permeability 
/4recoilrecoil permeability 
resistivity 
S skin depth 
flux 
¢DE useful flux 
BEF leakage flux 
airgap flux 
flux linkage 
angular frequency 
C'`)max angular frequency at which T occurs max 
area of finite element 
ft 
a 
", ý f: 
1. 
CHAPTER 1 
INTRODUCTION 
1.1 Origin of' the Project 
This project originated from a need to increase the 
light output of an air-turbine driven semi-portable safety 
lamp manufactured by the "Wolf Safety Lamp Co. Ltd. ". These 
! units are used mainly in an inflammable atmosphere such as in 
mines, oil-tankers, chemical works, etc. The manufacturer was 
interested in uprating the existing 55 watts lamp unit to a 
250 watts version. 
The redesign of the air-turbine was undertaken by the 
Mechanical Engineering, Department of this University. This 
thesis describes the stages in the redesign of the permanent 
magnet generator, and its matching to both the turbine 
characteristics and lamp load. The investigation identifies 
those parameters which determine the output power and 
considers alternative rotor geometries and permanent magnet 
materials. In addition, a system for protecting the generator 
in the event of failure of the bulb has been developed. 
1.2 Description of the Original System 
The lamp unit is designed with an emphasis on safety. 
In explosive environments compressed air rather than 
electricity is used for power transmission because a mains 
electricity supply is not permissible. In the Wolf Safety 
Lamp compressed air drives a turbine which is mechanically 
coupled to a single-phase permanent magnet generator. 
The generator supplies a quartz halogen bulb which 
2. 
has a*tungsten filament. Fig. 1.1 shows a schematic diagram of 
the air-flow path. Compressed air enters through the passage 
A, passes into the glass lamp housing and out through passage 
B. to the turbine blades. The air cools the stator winding as 
it passes to the exhaust'outlet C. This air-flow path is a 
safety feature of the system since accidental breakage of the 
glass housing causes escaping air to purge the heat from the 
bulb and prevent any inflammable gas from entering the system. 
At the same time air is diverted from the turbine blades so 
that no further electrical power is generated. 
The lamp housing is nickel-plated brass which will not 
produce sparks on impact with a hard surface. It is designed 
to contain any high energy fragments in the event of mechanical 
failure of the rotor or the. turbine. 
The generator has a permanent magnet rotor for producing 
the magnetic field. By using permanent magnet excitation rather 
than d. c. excitation, the consequent dangers of sparks caused 
by bad brush contacts are eliminated. At the same time 
maintenance costs are reduced. However, control of the output 
voltage by field variation is not then feasible. In the safety 
lamp the effect of air-line pressure fluctuations and the initial 
variation of output voltage due to production tolerances are 
controlled by an adjustable air-pressure regulator at the 
inlet of the unit. 
Fig. 1.2 shows the complete safety lamp unit together with 
the turbine blade, the original 35% Cobalt steel permanent magnet 
rotor, and the stator core and winding. The stator core consists 
N 
3. 
of two 1.2mm thick end laminations and twenty nine 0.5mm 
laminations of Losil 800. The axial length of the core is 
16.9mm. It has a stacking factor of 0.95. The'stator winding 
has 12 turns of 17 s. w. g. wire per pole. 
The existing generator runs at 9300 r. p. m. and powers a 
9 
12V 55W halogen bulb. The turbine air pressure is regulated at 
the inlet of the unit to give an output voltage of 11.5V from 
the generator, thus extending the lifetime of the bulb. 
1.3 Design Requirements For The 250 Watt Generator 
In designing the uprated generator the following 
requirements were taken into consideration : 
(i) The generator should power a 250W, 24V quartz halogen 
bulb and, preferably, run at a reduced speed no greater 
than 7,500r. p. m. Lower running speeds are desirable to 
reduce noise emission from the system as well as 
bearing wear. 
(i i) A significant increase in weight or volume would be 
N 
commercially unattractive. 
(iii) Where possible, existing components should be used in 
the new design so as to avoid re-tooling costs. 
(iv) The new design must incorporate all the safety features 
outlined in section 1.2. In addition the turbine-driven 
generator should have a protection system to-prevent the 
rotor from overspeeding when the bulb fails. 
4. 
(v) The torque-speed characteristic of the generator must 
be matched to that of the turbine so as to ensure stable 
operation, allowance being made for possible air- 
pressure variations. At the same time, the saliency 
torque of the generator at standstill must be sufficiently 
low for the turbine to start the generator. 
(vi) The permanent magnet rotor should be air-stabilised so 
that its magnetic properties will not deteriorate if 
the rotor is removed from the stator for servicing. 
N 
5. 
CHAPTER 2 
DESIGN APPROACH 
2.. 1 Introduction 
A theoretical investigation of the performance of the 
permanent magnet generator was undertaken to identify the most 
important design parameters. The matching of the generator 
characteristics to those of the turbine and load was also 
examined to establish design guides. 
in order to simplify the analysis, the following initial 
assumptions have been made, 
(i) Hysteresis, eddy currents and skin effects can be 
neglected 
(ii) The time variation of flux linkage K between the rotor 
magnet and stator winding is sinusoidal. 
(iii) Stator winding inductance, L is constant. Although the 
generator is a salient pole machine, it can be treated 
as a cylindrical rotor machine because the effective 
permeability of permanent magnet materials is relatively 
low. Thus any variations in magnetic reluctance with 
changes in rotor position will be small. 
(iv) Saturation of the magnetic circuit can be neglected. 
(v) The circuit parameters (K, L and resistance R) are 
constant. 
(vi) Bulb resistance, RL is constant. 
Although, in general, these initial assumptions are shown 
to be reasonable the effects of the iron-loss torque and a non- 
linear load RL are included in Section 3.6. 
6. 
2.2 Equivalent Circuit Analysis 
Based on the above assumptions, the generator can be 
represented by the equivalent circuit of Fig. 2.1 comprising 
a sinusoidal source of emf E in series with a self-inductance 
. L, internal resistance R and a load resistance RL. 
For ap pole-pair machine, running at a constant rotor 
speed 6 (= P) radians sec-1 and 
having a total stator flux 
linkage ip = K'cos(p0), the open-circuit emf is 
E=_ dO = -K' w sin (wt) (2.1) dt d6 dt 
where K' is the peak flux linkage 
6 is the mechanical angle displacement between a stator 
pole and a rotor pole 
k is the electrical' angular frequency 
Analysis of the equivalent circuit gives 
E= (R' +RL)I+jwL'I 
and 
E=K co (2.2) 
(R' + RL) z+(WL') 2 (R' + RL) 2+(WL') 2 
Where I is the magnitude of the peak current. 
The output power is then given as 
I2 1 
(K'w) 2 RL 
PL =2 RL =2 
r(R' + RL) 2+(WL') 2J 
(2.3) 
and the equivalent output torque is 
PL 
TL= 
Cp, 
=2 
pwKj2 RL 
(2.4) 
r(R' +RL)2+(WL')2] 
7. 
The total power generated is 
T (R' +)1 
RL) 
2 RL 2 ý(R, + R-) 2+ (WL') 2] 
(2.5) 
while the average torque required to produce this power is. given 
as 
P1 Pw K' 
2 (R' + RL) 
T. =. _ (2.6) p2 (R' +RL)2+(WL')2] 
As the rotor speed increases the wL' term will eventually 
predominate and the generator will behave as a constant current 
source and the power will approach a maximum value, Amax' as 
shown in Fig. 2.2. 
The maximum power is then given as 
12 
Amax 2 L' 2 
(R' +RL) (2.7) 
and the maximum output power is 
PL =1L, 2 RL (2.8) 
max 
The peak torque is obtained by differentiating torque T 
w. r. t. speed wusing equation (2.6), 
2 
' Tmax = 4L; (2.9) 
when the angular frequency 
R'+RL 
Wmax = L' 
(2.10 ) 
At wmax the power generated is 
12 1 
4 L' 'max 2 Pmax 
(2.11) 
and the output power is 
8. 
1 K'2 ( 
RL 
4 L' R' + RL wmax 2 PL 
max 
(2.12) 
while the output torque is 
- K'2 . 
RL 
4L' + RL (2.13) 
Fig. 2.2 illustrates the torque-speed curve described by 
equation (2.6). It shows the distinct peak torque at 
emax (= Wmax/p)" It must be emphasised that fora non-linear 
RL (tungsten bulb) equations (2.10)-(2.12) are no longer valid. 
The effect of a non-linear RL is examined in Section 3.6. 
The operating speed of the turbine-generator system will 
depend on the point of intersection of the turbine and generator 
torque-speed characteristics. Fig. 2.5 shows typical character- 
istics of the turbine used in the lamp system. Stable operation 
at point A of Fig. 2.2, which is approaching the power Pm, 
would require a turbine with a, steeply drooping characteristic, 
in order to prevent excessive speed fluctuations with changes in 
air pressure. However, the actual turbine characteristic is not 
sufficiently steep, so to obtain a more stable intersection of 
the two torque-speed characteristics it was decided that 
operation should be to the left of Tmax' such as point B in 
Fig. 2.2. Equation (2.11) shows that this results in the 
generator producing less than half Pmax* 
2.3 Effect of Changing the Number of Stator Turns Per Pole 
The parameters K', L' and R', introduced in the analysis 
of Section 2.2, are dependent on many design factors, one of 
which is the number of stator winding turns per pole, N. 
9. 
The effect of varying N independently of the other parameters 
is now considered. 
Ap pole-pair single-phase winding having N turns per 
pole has a peak flux linkage 
K' = 2p Ný 
where ý is the peak flux per pole. 
(2.14) 
If the reluctance per pole is S then the total stator 
winding inductance can be written as 
i 
L' = 2p 
S (2.15) 
Assuming the a, 
is fixed the area per 
winding per pole will 
Therefore the winding 
R' 
vailable winding cross-sectional area 'A', 
turn will be A/N and the total length of 
be 2N, where 2 is the length per turn. 
resistance will be 
= 2p P 
(ÄN) 
= 2p N2 
Ä (2.16) 
(N) 
where p is the conductor resistivity. 
The existing 55W design has a winding of 12 turns per 
pole. To ease comparison a turns factor is defined as 
N 
n= 12 
(2.17) 
Substituting equation (2.17) into equations (2.14), 
(2.15) and (2.16), gives 
K' = 2p(12n) ý= nK (2.18) 
L' = 2p 
(12n )2= 
n2L (2.19) 
and R' = 2p(12n)2 
ä= 
n2R (2.20) 
10. 
where K; L and R are the parameters for a 12 turns per pole 
stator winding. 
Substituting for K', L' and R' in 'the equations derived 
in Section 2.2 become 
and 
I_ nK w 
(n 2R + RL) 2+(wn L) 2 
1 (nKCA) 
2 RL 
pL 2 [(n2R + RL) 2+ (wn2L) 23 
1 (nKw) 
2 (n2R + RL) 
P= 2 r(n2R +R L) 
2+ (wn2L) 23 
Amax 2 (K)2 ' (n2R+RL) 
(2.21) 
(2.22) 
(2.23) 
(2.24) 
The average torque now becomes 
and the peak torque 
when 
1 pw (nK) 
2 (n2R + RL) 
T= 2 Fjn2R +RL) 2+(wn2L) 23 
_ 
p(nK) 2= Tmax 4n2L 4L 
n2R + RL 
W Wmax n2L 
(2.25) 
(2.26) 
(2.27) 
Fig. 2.3 shows that the torque-speed curve for a given 
generator and load can be varied by changing the turns factor n 
since this alters the speed at which the peak torque occurs, 
the maximum value of torque being unchanged. 
To minimise mechanical problems due to centrifugal forces, 
an upper speed limit 6max must be imposed. on the generator. 
11. 
Different generators, G1, G2, G3 in Fig. 2.4, can have different 
turns factors such that the peak torques all occur at the same 
speed, emax* At that speed, the power of the generators 
becomes 
Pi Tmaxi 6max 
where 
P2 Tmax2 emax 
P3 Tmax3 6max 
"_ 
Amax 
emax 
p 
p can be different for each generator. 
(2.28) 
(2.29) 
(2.30) 
(2.31) 
The above expressions indicate that an effective 
criterion for comparing the generated power of each design is 
its peak torque capability Tmax' Equation (2.26) shows that the 
design parameters for increasing Tmax are p, K and L. A higher 
Tmax can be achieved by increasing p and K and decreasing L. 
However, it must be emphasised that these parameters are not 
independent variables so that attempts to change any one 
parameter may affect the others. Thus the overall design aim 
has been to increase Tmax by optimising the three parameters p, 
K and L. 
2.4 Matching of Generator to Turbine and Load 
The uprating of the turbine output power and the 
measurement of its torque-speed curves have been undertaken in 
the Department of Mechanical Engineering(l). The performance 
curves are reproduce& in Fig. 2.5 which shows the effect of 
13. 
For a given generator, specified lamp power, and voltage 
rating, the parameters K, L ahd R are fixed together with the 
load current I and bulb resistance RL. 
then given by 
e=W= 
P 
The operating speed is 
(n2 R+ RL) 
P (I )2-(n2L) 2 
(2.32) 
Fig. 2.7 shows a typical plot of 6 against n. The graph 
demonstrates that a given output power can be generated at a 
minimum speed emin by choosing the optimum turns factor nmin. 
nmin can be determined by differentiating equation (2.32) w. r. t. n 
to give 
=_ nmin 
2L IRL 
and 
emin=pin= 
L (L) 2L 
2+ 2P (L) 
2 
L 
2fR+2PL(K) 2J 
PLC _ 
(L)2 
2P 
R 
L 
(2.33) 
(2.34) 
where VL is the peak voltage rating of the bulb and PL is the 
power rating. 
Since the stator is force-cooled, any increase in copper 
loss due to an increase in winding resistance with turns factor 
does not impose a design limitation. 
The efficiency of the generator, excluding iron-losses, 
is given by 
X00 L (2.35) " n°R R 90 
14. 
By using the optimum turns factor nmin' it can be shown 
that the efficiency is given by 
2.. 2P 
iL)i 
n=[L]x 100% (2.36) 
2+ý (L)2 
L 
Equations (2.3 4) and (2.36)-show that for a given output 
power PL different generators having different K, L and R will 
have minimum operating speeds and different efficiencies. 
To ensure that the matching of the generator to the bulb 
also guarantees stable operation of the turbine and generator, 
the operating speed 6B should be less than 6D of Fig. 2.6 where 
wB 
= 
(n 2 
min 
R+ RL) 
2.37 
p 
() 
pX 
nminK) 
2_ (nminL) 2 
To prevent over speeding the difference between 
6B and 6D must 
take into account the maximum possible air pressure fluctuation. 
These conditions also apply even when the generator torque- 
speed curve is modified by the iron-loss torques and the non- 
linearity of the load resistance RL, as shown in Section 3.6. 
1 
I 
runvmru I 
15. 
-EQUIVALENT CIRCUIT VERIFICATION 
3.1 Introduction 
I 
It has been shown in Chapter 2 that-the performance of the 
generator can be predicted from a simple equivalent circuit 
involving the parameters K, L and R. In order to verify the 
equivalent circuit experimental tests were performed to compare 
predicted and measured performance. 
The existing design having a Cobalt rotor has been tested. 
The effects of changing the stator winding turns factor and 
increasing the axial length of the machine have also been 
investigated. Generators having different permanent magnet 
materials have been considered. The alternative materials are 
Alnico (Normal) and Alnico (High Br), which have superior 
characteristics, as shown in Fig. 4.31. They are cast to an 
identical shape as the original cobalt rotor. During initial 
tests the Alnico rotors gave very little improvement in 
performance over the original design. Later investigations, 
described in Section 4.3, indicated that the Alnico rotors were 
not fully magnetised to saturation. This was later confirmed by 
the magnet manufacturer. Subsequent tests on remagnetised 
Alnico rotors show that their magnetisation state affects only 
the parameter K. 
3.2 Measurement of K 
By using an experimental rig, described in Appendix A, in 
which the generator is driven at a constant speed by a d. c. motor, 
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the open-circuit induced emf of the stator has been measured. 
From Section 2, the emf equation is 
t 
(3.1) E= ä= - nKw sin (wt) 
K can be determined from direct measurement of E. 
However, this requires accurate measurement of w. In practice 
E contains higher harmonic terms due to the non-sinusoidal 
variation of flux linkages ý. By integrating the waveform of E, 
the harmonic, distortion is reduced and the effect of speed on the 
amplitude is removed. The waveform then shows the variation of 
ý with time. Fig. 3.1 shows the waveform of i for a generator 
having a Cobalt rotor. Rotors of other magnetic materials gave 
similar waveforms. The harmonic content of the i waveform is 
tabulated in Fig. 3.1. It shows that no harmonic is greater than 
3% of the fundamental. By using a calibrated integrator,, 
having unity gain at 15Hz, the peak output voltage of the 
integrator is given as 
Va = GnK 
from which 
Gn 21T 15n 
(3.2) 
where G is-the gain of the integrator which equals 27r15 
Table 3.1 shows the measured K values for different rotors 
and working airgaps using the original stator winding of 12 turns 
per pole (n=1). The K values were found to be independent of 
frequency up to the maximum test speed of 10,000 r. p. m. This 
supports the initial assumption that the parameter K is virtually 
unaffected by iron losses in the magnetic circuit. 
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Measurement of K for the various rotors was repeated with 
a new 24 turns per pole (n=2)'stator winding. The results are 
given in Table 3.1. The close agreement with the K values for 
the original stator winding 
. as was shown in Section 2.3. 
Table 3.1 
confirm that K is independent of n, 
Measured Values of K for Various Rotors. 
Rotor M ri t l 
Magnetisation Working Measured K (m Wb) 
a e a State Air a (mm) n=l n=2 
Cobalt complete 0.5 6.3 6.3 
Alnico (N) complete 0.5 8.5 8.4 
Alnico (N) incomplete 0.5 6.4 6.4 
Alnico (H. Br) complete 0.25 8.7 8.6 
Alnico (H. Br) incomplete 0.25 7.8 7.8 
3.3 Measurement of L and R 
3.3.1 Experimental technique 
Initially short-circuit tests were used to determine the 
parameters L and R. Unfortunately this simple technique was not 
sufficiently accurate. However details of the method together 
with the results are given in Appendix B. A more accurate and 
direct technique was then devised which allowed measurement of 
L and R to be made over a wide frequency range with the rotor 
stationary. Fig. 3.2 shows the circuit arrangement used for the 
measurement. The stator winding is connected in series with a 
non-inductive resistor RD and they are supplied from a variable 
frequency power amplifier having a'floating output. Although 
the value of RD is not critical, it is preferable to choose RD 
to have the same order of magnitude as the impedance of the 
stator. To prevent saturation of the magnetic circuit a low 
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excitation current of 1 amp peak is used. 
The output voltage from the low noise summation circuit 
of Fig. 3.2 is given as 
V1 -(vs RR2 
R 
1- 
VD RV 
2) (3.3) 
The voltage across the stator. is, 
Vs = I(n2R+ jwn2L) (3: 4) 
and the voltage across the non-inductive resistor is 
VDIRD (3.5) 
where Rv is a calibrated 10 turns helical potentiometer of lMQ 
RD is a 1.0040 resistor 
"R2 is a 100K resistor 
Rl is a 10K resistor 
By substituting equations (3.4) and (3.5) into equation 
(3.3), the magnitude of the peak output voltage of the summing 
amplifier is then given by 
n ; 4R 
V1 =Ir( R1 R 22 + 
rwn2L Ri] 2 (3.6) 
V 
V1 will have a minimum value of 
V1 =Iw n2L R1 
when 
(3.7) 
n2R 
RD 
(3.8) 
R1 RV 
Adjustment of Rv, the helical potentiometer, to give a 
minimum value of V1 then allows the value of R to be calculated 
from 
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R= RD 
n2 
v 
and the inductance to be calculated from 
L_ ViRi I to"R2 
(3.9) 
(3.10) 
Fig. 3.3 shows typical variations of V1 against the resist- 
ance ratio R2/Rv. The values of V1 shown are for a generator 
having a 12 turn/pole stator winding, for which n=1, and a Cobalt 
rotor. The curves show that as the reactance increases with 
frequency V1 becomes less sensitive to R2/Rv variations. Since the 
determination of R is directly dependent on the value of Rv, this 
reduction in sensitivity at high frequencies makes the measurement 
of R too inaccurate at frequencies higher than about SOHz. However, 
the inductance measurement is unaffected at high frequency since 
the whole of Vi is effectively across inductance L. 
The high frequency measurement of R. can be achieved by using 
the multiplication circuit shown in Fig. 3.2. Multiplying the 
stator voltage Vs by the resistor voltage VD and filtering out the 
a. c. component gives the d. c. output voltage Vi as 
V2 = GxyGac 
VS2VD 
cosß 
where GXy is the gain of the multiplier and equals 0.1 
Gac is the gain of the a. c. filter and equals 10 
Vs is the peak voltage across the stator 
VD is the peak voltage across the resistor RD 
2 
and cosß =IVR (3.12) 
s 
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By substituting equation (3.12) into equation (3.11) and_ 
rearranging, the stator resistance is given as 
2V2 
R= GXyGac IV Dn 
(3.13) 
Since the multiplier is a. c. coupled, this method of 
measuring R is not suitable at frequencies below 20Hz. 
3.3.2 Results for L and R 
With the existing winding, for which n=1, and the rotor 
poles aligned with the stator poles, the measured inductance 
variation with frequency for the various permanent magnet rotors 
is shown in Fig. 3.4. The variation of resistance with frequency 
is shown in Fig. 3.5. The two methods of resistance measurement 
give good agreement in the frequency range 20-40Hz when both 
methods are equally valid. The d. c. resistance measured by a 
Wheatstone Bridge which is also shown supports the validity of 
the resistance measurement techniques. For comparison purposes 
test results without a rotor are included. The graphs show that 
as the frequency is raised resistance increases and inductance 
decreases. However, when the rotor is removed the variation of 
both L and R with frequency is small. The results suggest that 
iron losses in the laminated stator are small but are significant 
in the solid permanent magnet rotor. Further investigation of 
these iron losses is described in Appendix C. 
To study the effect of turns factor, n on L and R, iron 
loss effects must be isolated and comparisons of L and R are 
restricted to those values measured at 1OHz. 
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Table-3.2 compares the measured parameters of L and R for 
the cases when n=1 and n=2. 
Table 3.2 Measured Parameters L and R'for Various Rotors. 
M i i Working Turns Factor n Rotor Material agnet sat on Airgap n=1 n=2 State (mm) L(pH) R(mQ) L(pH) R(mQ) 
Cobalt complete 0.5 250 88 248 89 
Alnico (N) complete 0.5 200 88 196 89 
Alnico (N) incomplete 0.5 200 88 196 89 
Alnico (H. Br) complete 0.25 218 88 220 89 
Alnico (H. Br) incomplete 0.25 218 88 220 89 
The 12 turns per pole (n=1) winding uses a 1.422mm diameter 
wire. To maintain the same total winding area for the n=2 winding 
the diameter of the wire would have to be 1.006mm. Unfortunately 
the nearest s. w; g. of wire has a diameter of 0.965mm. The 
expected R value using this wire would be 95.5mc2. However, the 
thinner gauge of wire is easier to wind around each pole and this 
tends to decrease the mean length per turn for the n=2 winding. 
Overall therefore the resistance of the winding is shown to be 
. proportional to n? As expected, L is also almost 
proportional to n2( 
The effect of changes in the relative position between the 
stator and rotor poles on the parameters L and R has. also been 
examined. The results for the case-when the rotor poles are 
aligned with the stator interpoles (i. e. displaced n/2 electrical 
radians from the previous position) are also shown in Figs. 3.4 
and 3.5. By comparing results for the two rotor positions it can 
be seen that, at low frequencies, the inductance and resistance 
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are insensitive to changes in rotor position. This supports the 
assumptions made in Section 2.1. The effect of iron losses 
however is dependent on rotor position, as shown by the variation 
in both L and R at higher frequencies. 
3.4 Operating Speed 
From equation (2.32) the rotor speed necessary for a 
generator to supply a specified load is given by 
"w 60 60 8-p2 
7r 2 7rp 
(n2R + RL) 
r. p. m. (3.14) 
I )2_ (n2L) 2 
where I and RL are parameters determined by the voltage and power 
rating of the bulb. 
\ 
Using the measured parameters K, L and R (n=1) from 
Tables 3.1 and 3.2 for each of the generators powering 3 
different lamp loads, the operating speed 6 has been predicted 
from equation (3.14). Table 3.3 shows the predicted and 
measured speeds for the various rotors, bulbs and turns factors. 
The close agreement between predictions and measurements suggest 
that the equivalent circuit model, described in Section 2, can 
be used to predict the generator operating speed and output 
power. Again, it must be stressed that this model does not 
include any iron-losses which will have to be supplied from the 
turbine. The calculation of the generator torque including 
iron-losses is covered in Section 3.6. 
N 
0 
4. 
Cu 
a) 
8 
0 
14 
1+ 
0 
,d 0 
N 
41 C" 14 
b 
14 
in 
Co 
b 
aý 
aý 
u 
b 
v 
a 
w 
0 
rl 
0 
u 
ca 
M 
M 
d 
rl 
I 
H 
10 
ýc OO OO OO 
.. o 00 0 .o .o0 3a V1 N L( CV M 00 00 
Cq cU -t c+1 nd 1- ßf'1 
x Z 
10 O N 
U Ai 
"rl U '. O Q1 Ul M 00 G'. "ý rl CV N- p-1 GO N 
r-1 "C rl It NN N- N- 
d' N ý7 M" N- .4 N- In 
a 
ý4 0O OO OO C N- 0 Oö i 
c n 
rn 
. %0 CO p W cd MN '0 M N- -t 
Eý O N 
". a U N- -t ý1 CM %O CO 
" L7 "r1 .7'. o O C', 4 CYN Co 
, --i Ti 10 a0 In r- 00 r- < (L) C cV %Z M ý0 -7 
Cn b a 
ei v 
ä. i c3 0 OO OO U) "K O OO OO in O 
ý. a) i--I o' -O N- (n 
s-i z cu u, OD In rn 00 o ý m 
ä u v 
"ý4 a) b p +-3 
Lý C, ". a Oý ý? OM M 
U b O a' cV '. O 1. 
"rl Gl ul -t 00 týl 01 N 
aý a 
P. 4 v 
v $4 O0 OO OO (n 00 a' OM OO o z Cv MN .cC N- St b ý a) a) 
' u v 
M ". 1 v cd ý 4. + 
C) r-4 U cV M '. p In a' (V Za . " -1 e-4 si -i- Co '-"1 Ul 
N- ao %M N- O N- 
a) M CV %. O cf N- -t 
3-i 
W 
'd 
O0 OO O 
:i CD CD CD CD CD 
v) 0 c'1 un LM 1 
CC u1 am cT In O 
Ei 7-4 
«i 
FC-+1 
j2 "0 
0 9) 
U M ý"-I e-1 N MO 
"rl ýt N N- N- O' U) 
'C -7' O r-i '. o NO G) ßr1 . oý Oý In 
0 +r1 
Pa 
y 
Ö 
r-+ CV . -4 N ý- I cV jL 
HU 
ý 
w 
3a N 
0 0 sý O in O $ aý Il In O 
ý 3 ý. 
" 
w 
N 
P-4 JJ %IO CV N 4 a r-I '-1 
Ca O 
ß 
Cl, 
0 
4) 
0 1-+ 
b 
w 
U) 
-4 
w 
cý q 
7+ 
w 
ar 
0 
23. 
24. 
3.5 Increasing Axial Length of the Generator 
A further verification of the model was achieved by using 
generators of approximately twice the original axial length. 
The stator core now had an axial length of 31.4mm whilst the 
stator winding had 12 turns per pole (n=1) of 17 s. w. g. wire, as 
before. The rotors consisted of two standard axial length rotors 
fastened together. This construction was necessary due to the 
high cost of manufacturing and magnetising non-standard units. 
Using the measurement techniques described in Sections 3.2 and 
3.3.1, parameters K, L and R were determined for two generators 
having Cobalt and Alnico (N) rotors. Figs. 3.6 and 3.7 show the 
variation of their inductance and resistance with frequency, the 
rotor poles being aligned with the stator poles. Measurements 
without any rotor present are also included for comparison 
purposes. Table 3.4 shows the measured K values and L and R 
values at 1OHz. 
Table 3.4 Parameters of Generators with Increased Axial Length. 
R t l t i Magnetis- Measured Parameters Predicted Parameters or ma er o a ation state K(mWb) L(iH) R(mSZ) K(mWb L uH R mSZ 
Cobalt 
Alnico (N) 
complete 
incomplete 
11.7 
13.0 
426 
316 
119 
119 
11.7. 
'11.9 
430 
337 
123 
123 
For machines having increased axial length 2.2, it can be 
shown that, the flux linkage is given as 
K=K1 R (3,15) 
and the stator inductance is 
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L= (L 1-Le) 1+ 
Le (3.16) 
while the stator resistance is 
R= RI (Qi + RS) 
(3.17) 
where K1, L1 and R1 are parameters for machine with axial length Z1 
Rs is the stator pole width and equals I9.7mm 
Le is the end-winding component of inductance which is 
estimated in Section 4.4. to be 40pH. 
Using equations (3.15), (3.16) and (3.17) and the para- 
meters of the standard length machine from Tables 3.1 and 3.2, 
the new parameters for the generator with increased axial length 
have been predicted. The calculated values are compared with the 
measured values in Table 3.4 and show reasonable agreement. 
Unfortunately a pair of fully magnetised Alnico (N) rotors were 
not available to allow construction of a longer fully magnetised 
Alnico (N) rotor. It can be expected that with fully magnetised 
Alnico (N) rotor, the K value would be 15.8mWb because the 
magnetisation state only affects K, as shown in Section 3.1. 
Using measured parameters from Table 3.4 in equation 
(3.14) the predicted operating speeds for generators with n=1 
stator winding powering different bulbs are shown in Table 3.5 
together with their measured speed, again the close. agreement 
confirms the validity of the model. 
26. 
Table 3.5 Comparison between Predicted 'and' Measured Operating 
Speeds for Different Generators and Bulbs. 
Bulb Rati Predicted and Measured Speeds in r. . m. ng Cobalt Alnico (N) 
R. M. S. - Power (W) Predicted Measured Predicted Measured Voltage 
12 55 4967 5100 4399 4500 
12 100 5533 5700 4695' 4800 
24 250 11506. 
. 
11900... 
.. 
9360.... 
. 
9500 
3.6 Torque-Speed Characteristics 
The previous two sections have shown that the operating 
speed for a given output power of the permanent magnet generator 
can be predicted with reasonable accuracy from its equivalent 
circuit parameters. Since the generator is driven by an air 
turbine, its torque-speed characteristics must be investigated 
so that the intersection point between turbine and generator 
characteristics can be assessed for stable operation. 
It is well known that a tungsten filament bulb has a non- 
linear resistance relationship with current. Obviously this will 
affect the torque-speed curve of the generator-bulb circuit 
during the run-up and run-dowm of the system. It must be 
stressed that the prediction of the generator operating speed, 
as described in Section 3.4, is unaffected by a non-linear load 
since, at a steady-state operating speed, RL and I are fixed by 
the rated voltage and power of the bulb. 
Also, as discussed previously any iron losses are supplied 
by the turbine and will affect the torque-speed curve of the 
generator. Thus the torque-speed and power-speed characteristics 
discussed in Chapter 2 have to be modified to accommodate the 
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iron-losses and the non-linear load RL. 
3.6.1 Inclusion of 'a non-`linear load 'resi'stance 
Measurements were made on various bulbs to determine their 
resistance-current characteristics. Fig. 3.8 shows the results 
for tungsten bulbs. having ratings of 12V 55W, 12V 100W and 24V 
250W. The characteristics can be represented by an analytic 
expression of the form 
RL = AI + Be-CI (3.18) 
where RL is the bulb resistance at the peak current I, and 
A, B and C are coefficients determined from measured data. 
Fig. 3.8 shows that equation (3.18) gives a close fit to 
the measured resistance-current characteristics. The torque- 
speed curve of a generator supplying a constant RL can be 
predicted from equation (2.25). The torque-speed characteristics 
including a non-linear RL can be predicted by treating I as an 
independent variable in equations (3.18), (2.32)-and (2.25), and 
calculating RL, 6 arid T in sequence by direct substitution. 
The predicted torque-speed curves with constant RL and 
non-linear RL are shown in Fig. 3.9. The two predicted curves 
intersect at point A (Fig. 3.9) because at this operating speed 
6. A, the non-linear resistance has reached its rated value. 
The 
results show that the non-linear behaviour of RL increases the 
speed at which the torque peaks and gives rise to a flatter 
torque-speed curve. These characteristics are an advantage when 
. considering the stable matching of generator to turbine to 
prevent the overspeeding described in Section 2.4. 
28. . 
It should be noted that at speeds greater than 6A, the 
rated operating speed, the bulb rating will be exceeded. Thus, 
whilst stable operation may theoretically be possible, it is 
likely that premature bulb failure will occur. 
3.6.2 Comparison of measured and predicted torque-speed 
curves 
With the rotor driven by a*d. c. motor, as descibed in 
Appendix A., the torque-speed curve of the existing Cobalt gener- 
ator powering a 12V 55W bulb has been measured. The result is 
shown in Fig. 3. lO together with the predicted torque-speed 
curve of the generator driving the non-linear load described in 
Section 3.6.1. It should be noted that, because of demagnetisa- 
tion the K value of the test generator had deteriorated to a 
lower value than that shown in Table 3.1. Thus in this section 
the measured K value of 5.6mWb is used for the prediction of its 
torque-speed characteristics. Fig. 3.10 shows that the difference 
between the measured and predicted torques is significant. This 
is due to the neglect of the iron-loss and mechanical loss 
torques. Thus further tests have been carried out to establish 
the magnitude of these loss torques. 
To establish the magnitude of the mechanical losses 
(i. e. windage and friction) a torque measurement was made using 
a demagnetised rotor. It was felt that the fan-shaped rotor 
construction may have lead to significant windage losses. 
However, the plots given in Fig. 3.11 show that the total 
mechanical losses of the rig are small. It is possible that 
with a magnetised rotor any non-concentricity of the rotor could 
give a net radial force and increase the bearing friction. 
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Thus care was taken to align the stator and rotor to minimise 
this effect. 
Tests on L and R in Section 3.2 have already shown that 
iron losses are significant. Torque measurements were carried 
out on a generator with an open-circuit stator winding to 
determine the magnitude of the iron loss torque. Fig. 3.11 shows 
the torque-speed curve which can be compared to that for a 
demagnetised rotor. The difference between the two curves must 
be due to iron losses. A more detailed investigation of the 
nature and distribution of the iron losses is discussed in 
Appendix C. 
Closer agreement between the measured and predicted 
torques is obtained when the measured loss torques (iron and 
mechanical loss torques of Fig. 3.11) are added to the predicted 
torques (Fig. 3.10). This comparison is shown in Fig. 3.10. To 
eliminate the possibility that errors in modelling the non- 
linear load may be contributing-to the difference between the 
measured and predicted torques, a short-circuit test was 
carried out. Fig. 3.12 compares the measured torque-speed curve 
with its predicted torque-speed curve including the open- 
circuit loss torques (from Fig. 3.11). It must be stressed that 
the iron loss mechanism in the generator under load or short- 
circuit conditions differs from that under open-circuit 
conditions, as described in Appendix C. The results show better 
agreement when loss torques are included in the predicted 
torques. The figure also demonstrates the distinct peak torque 
described in Section 2.2. 
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3.7 Conclusion 
This experimental study has verified that for a given 
generator, with known parameters K, L and R, supplying a given 
bulb the operating speed can be predicted with reasonable 
accuracy using a simple equivalent circuit. In addition, the 
predicted torque-speed curve must include iron-losses and the 
non-linear bulb effects in order to select the desired turbine. 
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CHAPTER 4 
DESIGN CALCULATIONS FOR PERMANENT'MAGNET' 
GENERATORS USING STANDARD METHODS 
The two previous chapters have demonstrated that the 
performance of the permanent magnet generator can be predicted 
from its equivalent circuit parameters K, L and R. It, has also 
been shown, in Section 2.3, that the important design parameters 
which determine its peak torque are p, K and L. 
For many years the design method for permanent magnet 
generators 
(2-8) did not change significantly. This method, which 
relies on an equivalent magnet circuit to model the permanent' 
magnet behaviour, was studied so that a calculation of K for the 
various generators could be attempted. However, this technique 
does not include the calculation of L so that this parameter has 
to be calculated from a different equivalent circuit. 
As discussed in Section 2.4, the saliency torque has to 
be matched to the turbine torque for starting purposes and thus 
a method of calculating saliency torque has also been studied. 
4.1 Standard Design Practice for Permanent Magnets 
The standard design method is based on the following 
assumptions, 
(i) Flux paths are well defined 
(ii) The magnet has homogeneous properties 
(iii) Reluctances are represented as lumped parameters 
(iv) 
.: Hysteresis and eddy current effects are neglected 
(v) Soft iron has infinite permeability 
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The behaviour of permanent magnets can be analysed by 
using either the normal B/H curve, or the intrinsic M/H curve as 
shown by Overshott(4'. However, following the usual 
practice 
(2,3,5-8), 
the B/H curve is used in this study. 
4.1.1 Magnetisation of permanent magnets 
A magnet made from material having the characteristic 
(OABrGHc ) shown in Fig. 4.1, is initially unmagnetised, correspond- 
ing to point 0 on the curve. When placed in a magnetising jig 
(Fig. 4.2 ), having a soft iron yoke of negligible reluctance, and 
excited by a sufficiently high current Is, the material 
experiences a magnetising force Hs and the operating'point moves 
to the saturation point A on the characteristic. Switching off 
the magnetising current will cause the operating point to move 
to the remanent flux density', point Br 
4.1.2 Air-stabilisation of permanent magnet 
When the magnet is removed from the magnetiser (Fig. 4.3) 
the flux density at the face of the magnet is reduced because the 
external reluctance experienced by the magnet has increased. 
Assuming that the flux density in the magnet is uniform then the 
magnetic potential difference will be across the two ends of the 
magnet. The magnetic circuit in free space, external to the 
magnet, has three-dimensional reluctance paths and this gives 
rise to the associated three-dimensional components of flux. 
To simplify the analysis, the total reluctance of this external 
circuit is lumped into a single value Sg and the total flux is 
represented by c,,. The equivalent circuit modelling this 
"7 
situation is shown in Fig. 4.34b). Applying Ampere's law to the 
magnetic circuit gives 
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I. _ H. dt. =HR, m 
+ xg R, 
g 
(4.1) 
As there is. no current in the magnetic circuit (I=0), the 
demagnetising field strength experienced by the permanent magnet 
is then given as 
H=-Hg 
. 
(4.2) 
where Hg is the magnetic field strength in the external air 
circuit 
ßg is the effective length of the reluctance Sg 
km is the length of the magnet 
The flux density in the magnet is 
V 
AB=Ä= 
uH Ä= oÄ ým H (4.3) Am 0gmmg 
where Am is the cross-sectional area of the magnet 
Ag is the effective area of the reluctance S9 
The linear variation of B with H in equation (4.3) is 
shown as line OG in Fig. 4.1. This line is known as the air- 
stabilisation permeance line and is effectively the 'load line' 
of the magnet when it is in a free-space situation. The position 
where this permeance line intersects the demagnetisation curve of 
the material is known as the air-stabilisation point of the 
magnet. This is shown as point G in Fig. 4.1, and its flux density 
level is the flux density of the magnet in air. 
In practice the magnetic potential difference is distribu- 
ted throughout the magnet length causing flux to 'leak' from the 
sides of the magnet. Thus-there is considerable difficulty in 
defining the effective lengths and areas of the magnet and its 
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circuit, point G therefore, at best, can only represent an 
average air-stabilisation point. 
4.1.3. Recoil operation of permanent magnet 
Fig. 4.4 shows the magnet fitted between two soft-iron 
pole pieces to concentrate the flux across a small working air- 
gap. The reduced external reluctance will lead to an increase 
in magnet working flux density. The circuit representing this 
situation is shown in Fig. 4.4(b). Assuming that the reluctance 
of the airgap is lumped as SDE and the leakage reluctance as 
SEF, the flux passing through the small airgap of the soft-iron 
is ADE and the leakage flux between the poles is BEF. Analysis 
of the equivalent circuit shows that the total flux produced by 
the magnet is 
EF -H 
km 11 
- SDE 
+1 SEF 
J (4.4) _ ADE +B= 
Thus the flux density in the magnet is 
"ým 1 H B=- 
in 
ýSDE + SEF_I 
0 
= -u oÄI -'DE 
+ 
EF] H (4.5) 
Am DE 
QEF 
where ADE is the area of the airgap reluctance 
AEF is the effective area of the leakage reluctance 
P, DE is the length of the airgap paths 
zEF is the effective length of the leakage paths 
The linear variation of B with H in equation (4.5) is 
described by line OP (Fig. 4. l). Line OP is known as the working 
permeance line and is the new 'load line' of the magnet. With 
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the decrease in external circuit reluctance the operating point 
of the magnet moves from its air-stabilisation point G along a 
minor hysteresis loop 
(5-8) 
GD to intercept the working permeance 
line at point D. Point D is known as the final working point of 
the magnet. This minor hysteresis loop GD is narrow and is 
usually assumed to be a recoil line(5-$). It has a slope of u 0 
'recoil where 'recoil is defined as the recoil permeability of 
the magnet material. Parker and Studders(5) have shown that the 
recoil permeability can vary at different air-stabilisation flux 
density levels. However for most engineering applications it is 
assumed that all recoil lines are parallel to the demagnetisation 
curve at the remanent flux density point Br and the magnet 
manufacturer therefore specifies the value of, urecoil for each 
material. 
From the equation (4.5) it can be seen that the magnet 
flux density B could be split up into two components, a useful 
flux density BDE and a leakage flux density BEF. The useful 
flux density-is then given as 
ß 
Am 
M BDE --u o Am 
ADE 
ii (4.6 ) 
and the flux density in the small airgap is 
B_ 
ADE B 
_ 
DE Am (4.7) 
g ADE ADE 
while the leakage flux density is 
km A 
BEF uo AQý, 
H (4.8) 
m EF 
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Line OE in Fig. 4.1 represents the variation of the 
leakage flux density BEF with*H and this line is called the 
leakage permeance line. The useful flux density BDE is the 
difference between the working flux density of the magnet 
(Point D in Fig. 4. l) and its leakage flux density level (Point E). 
The airgap flux density Bg is then calculated by substituting 
for BDE in equation (4.7). 
It must be stressed that the working point D (Fig. 4.1) is 
an average working point and the lines OD and OE correspond to 
the effective working and leakage permeances of the magnetic 
circuit. In practice, the estimation of leakage permeance lines 
for the various parts of the magnet is difficult due to the 
distributed and three-dimensional flux pattern. This in turn 
causes uncertainties in the separation of useful flux from 
leakage flux. 
-Equations (4.3), (4.5) and (4.8) suggest that the varia- 
tions of B with H should be the 'same for magnets having identical 
shape and external magnetic circuit. In practice, the permeabil- 
ity of the magnet material, which forms part of the magnetic 
circuit, affects the magnetic field patterns(5). This in turn 
causes variations in the air-stabilisation, working and leakage 
permeance lines. 
4.1.4 Effect of external demagnetisation effect 
If a winding carrying a demagnetising current I is placed 
in the airgap (Fig. 4.5) the flux density of the magnet is 
decreased because the working point of the magnet moves from point 
D to J (Fig. 4.6) along the recoil line GD. The equivalent 
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circuit representing this demagnetising effect is shown in 
Fig. 4.5(b). By equating mmfs'and fluxes it can be shown that 
-HJ km ýR SEF 
and 
-HJ ý, m - 
NI = $u SDE 
while the flux produced by the magnet is 
ýu ý2 
The working flux density at point J is 
ýu 
+ 
It 
BJ= ým Am Am 
(4.9) 
(4.10) 
(4.11) 
(4.12) 
Substituting 4, and ýu from equations (4.9) and (4.10) 
into equation (4.12) gives the flux density as 
BJ = -HJ Am 
(S1 +S1 )- SNIA 
(4.13) 
in EF DE DE m 
Equation (4.13) describes. the same working permeance line 
as before (equation (4.5)) and is represented by line QL in 
Fig. 4.6. This line intercepts the B=O axis at the point L 
corresponding to a demagnetising force given by 
H= HL = -NI S 
(4.14) 
m(1 
+ SDE) EF 
If the magnet experiences a demagnetising force large 
enough to move its operating point. from J to G and G to M 
(Fig. 4.6), the new recoil line would be MN when the external 
field is removed. This would cause'an irreversible reduction 
in flux density from point D to point N. 
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In practice, point J is an average operating point because 
different parts of the magnet will be demagnetised to different 
points along their recoil lines and some parts of the magnet 
might even have new recoil lines when the external demagnetising 
field is removed. 
4.1.5 Stable magnet operation 
Obviously if the magnet is magnetised in its final 
operating magnetic circuit and the air-stabilisation stage is- 
omitted, it is possible to operate at a much higher working flux 
density. However, if an external field is experienced, some 
demagnetisation of the magnet will occur but in many cases this 
will still lead to a higher recoil working point than that 
achieved after air-stabilisation. 
Magnets stabilised by applying an external field rather 
than air-stabilised are known as load-stabilised or short- 
circuit stabilised(5). However such magnets must only be 
removed from their operating magnetic circuit with care and the 
use of magnet keepers is essential unless remagnetisation is to 
be carried out. 
Fig. 4.32 shows some magnet materials which have almost 
linear' demagnetisation curves. For those materials the problems 
of stabilisation discussed above are minimised since then the 
recoil lines are almost coincident with the demagnetisation 
curve. Obviously, therefore, these materials can offer great 
advantages in terms of magnet stability. 
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4.2 Application of Standard Magnet Design Technique to the 
Existing Cobalt Rotor 
4.2.1 Determination of air-stabilisation permeance from 
design guide 
For many shapes of magnet the exact calculation of air- 
stabilisation, working and leakage permeance lines is difficult. 
As mentioned in Section 4.1, these flux paths are affected by 
the magnet geometry, material and its external magnetic circuit. 
With such complex behaviour the design of permanent magnets is 
(often 
simplified by the use of design guides 
5'7ý. These guides 
only give the air-stabilisation permeance because the working 
and leakage permeances are dependent on the magnetic circuit of 
the device being designed. These guides are often restricted 
to simple magnet geometries although, in some cases, where the 
magnet configuration is complex, empirical formulae based on 
collected data and experience are used. 
The air-stabilisation permeance for rotor geometries 
similar to that used in the existing generator is given by Parker 
and Studder15). The design aid given by them is reproduced in 
Fig. 4.7. It shows the variation of air stabilisation permeance 
with the ratio of-diameter D to axial length W for rotors having 
different pole numbers. The approximations made are: - 
(i) The total active pole arc of the magnet along the circum- 
ference equals half the total rotor circumference. Thus 
2pT= 2 
where p-is the number of pole pairs 
T is the arc length of the magnet pole 
D is the diameter of the rotor 
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Thus, referring to Fig. 4.7, the circumferential arc length 
between the magnet poles is 
Y=T (4.15) 
(ii) The effective magnet length Lm (Fig. 4.7) is given as 
Lm = 2T (4.16) 
(iii). The recoil permeability of the magnet material is equal 
to or greater than 3. 
(vi) The flux density distribution in the magnet is uniform and 
thus the air-stabilisation point can be represented as a 
single point. 
The physical dimensions of the existing Cobalt rotor design 
are given in Fig. 4.8. From, that figure, and using an axia? 
length W of 16mm, the ratio of D/W is 4.3. Using Fig. 4.7, this 
gives a permeance value of 8.5 p. However, referring to the 
dimensions in Fig. 4.8, it can be seen that the circumferential 
arc length of the magnet pole T- 
D (ir42) =25.3mm and the circum- 2 180 
ferential arc length between the magnet poles Y =2(-! 
18)= 10.8n--n. 
Hence, the assumption that T=Y is not valid for this 
case. Since no details for the case of TAY are given, no allow- 
" ance can be made for this discrepancy. Using a permeance of 
8.5 uo, line OA has been drawn in Fig. 4.9. It intersects the 
demagnetisation curve of Cobalt at point A and thus this method 
gives an air-stabilisation flux density of the magnet of 200mT. 
4.2.2 Determination of working permeance 
To determine the working flux density level of the magnet 
the working permeance must be defined as shown in Section 4.1. 
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As the rotor rotates within the stator the magnet will 
experience a changing working. permeance line. For easy 
comparison, the working permeance line is defined as the 
permeance line of the magnet at the position when the stator 
flux linkage is a maximum. This is also the position when the 
centre lines of the rotor and stator poles are aligned as 
shown in Fig. 4. lO. Assuming that there is no leakage flux and 
that the stator is infinitely permeable, the slope of the. 
working permeance line, from equation (4.5), is given as 
jr 
B 
uo A 
9. 
mA DE (4.17) 
m 
QDE 
where 
ADE 
_ 
(9. 
s+ 
xr) w 
T 
DE 
(4.18) 
DE 2 
! Cs is the stator pole arc (20mm) 
! fir is the circumferential rotor pole arc (25.3mm) 
LDE is the airgap length between the stator and rotor 
poles (0.5mm) 0' 
W is the axial length of the magnet (16mm) 
The effective ratio of Qm/Am of the magnet pole can be 
calculated from the magnetic circuit shown in Fig. 4.11 by 
assuming that the flux flows radially from rl to r2 with no 
leakage. The reluctance of the magnet pole is then 
r2 
__ 
in 1 dr Sm 
uourecoil Am. uourecoi. 1 
f 
rBW 
(4.19) 
=1 log(r2/ri) (4.20) uourecoil ew 
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Therefore, 
m=W log (r2/ri) (4.21) 
Am 
where 2m is the effective length of the magnet (r2-ri) (17mm) 
Am is the effective area of the magnet 
6 is the subtended angle of the magnet pole (42°) 
urecoil is the recoil permeability of the magnet material (12) 
r2 is the outer radius of the magnet pole (34.5mm) 
rl is the effective inner radius of the magnet pole (17.5mm) 
By using equation (4.21), the effective area of the magnet 
Am is calculated as 294 x 10-6m2. Substituting for ADE/ADE and 
Rm/Am from equations (4.18) and (4.21) into equation (4.17), the 
gradient of the working permeance line is then given as 
B log(r2/ri) 
(9, 
s+9. r) (4.22) 
H06 2QDE 
= 52.7 x 10"6 
Line OB in Fig. 4.9'represents the working permeance line 
for the existing Cobalt generator using equation (4.22). 
4.2.3 Determination of K using calculated air-stabilisation 
results 
A recoil line having the gradient uo urecoil is drawn from 
the air-stabilisation point A and it intersects the working 
permeance line OB at point C. Since leakage flux has been 
neglected, the flux density level at point C represents the 
useful flux density Bc of the magnet. The peak flux linkage in 
the stator is then given as 
2Np Wb 
= Bc Am N 2p 
= 21.2 x 10-3Bc Wb (4.23) 
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The flux density at point C (Fig. 4.9) is 370mT and thus 
the calculated K value, using equation (4.23), is 7.84mWb. 
However the measured K is only 6.4mWb, as shown in Table 3.1. 
When the permanent magnet rotor rotates during the 
measurement of K, it experiences rapidly changing permeances. 
It then operates on its recoil line which produces changes in 
magnet flux density and in turn induces eddy currents in the 
rotor material. The eddy currents will tend to reduce the 
measured K value. However, tests undertaken in Section 3.1 have 
shown that the K value is effectively constant over the range'of 
measured rotor speeds and this suggests that eddy current effects 
are small and cannot account for the difference between the 
measured and calculated K values. 
The large difference between the calculated and measured 
K values must therefore be due to either leakage flux which has 
been neglected or inaccuracies in the determination of permeances. 
As shown earlier, there is difficulty in extending the design 
guide given by Parker and Studders since TAY. Therefore a 
series of experiments was undertaken in an attempt to determine 
the air-stabilisation permeance. 
4.2.4 Experimental determination of air-stabilisation 
permeance 
Because of the uncertainty of calculating the air-stabi- 
lisation permeance, flux density measurements were made on the 
Cobalt rotor. The flux produced by the magnet was assumed to 
consist of three components ýA' ýB and ýC as shown in Fig. 4.12. 
A search coil at position X1X2X3X4(Fig. 4.13) will link 
only flux ýB (Fig. 4.12). The removal of the search coil from 
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the magnet pole to a region of negligible magnetic field will 
therefore produce an induced emf given by 
d4 
E=N dt (4.24) 
where N is the number of turns on the search coil, which equals 
500 
dý8 is the change in flux 
The change in flux could be determined from the measurements 
of E and change in time dt. However by integrating E the effect 
of time is removed. Using a low-drift calibrated integrator which 
is d. c. coupled, the change in output voltage of the integrator 
is then given as 
t2 42 
VO =G 
JEdt 
= GN 
J 
d4B = GN (2 -) 
tsýl 
= GN ýB - (4.25) 
where G is the gain of the integrator which was set at 100 for 
the test. 
Therefore the average flux density on the pole face B 
(Fig. 4.12) is given by 
ýB VO 
BB AB GNAB (4.26) 
Using this measurement technique the flux density at 
surface B was measured as 38mT. Using another search coil in the 
X1Y1X3Y3 plane (Fig. 4.13) the flux density at surface C was 
measured as 39mT. A different search coil in the X1X2Y1Y2 plane 
gave the flux density at surface A as 20mT. It must be stressed 
that the search coil measurement gives only the average flux 
density over a given surface. 
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Assuming that the measured flux density BB on surface B 
represents the relevant air-stabilisation flux density, then the 
effective air-stabilisation flux density of the magnet is 
B_ 
BBAB 
Am 
where AB is the area of surface B and equals 
(16mmx 25.3mm) = 405x 10-6m2 
Am is the effective area of magnet pole and equals 
294 x lO-6m2 (from equation (4.21) ) 
(4.27) 
Using equation (4.27), the air-stabilisation flux density 
of the magnet is 52mT. The air-stabilisation flux density of 
surface B calculated from Parker and Studders design guide was 
200mT. Obviously the difference between the 'measured' and 
calculated air-stabilisation flux density was very large and 
this would help to explain the higher value of K calculated in 
Section 4.2.3. 
Measurements using. a Hall, probe were undertaken to 
determine the flux density distribution on the surfaces A, B 
and C (Fig. 4.12). Each surface was mapped into small rectangular 
meshes having the dimensions of the Hall probe. Preliminary 
measurements showed that, as expected, the flux density variation 
was large near the edges of the magnet. 
Thus the meshes were drawn out to avoid edges, as shown 
in Fig. 4.13. During the flux density measurements, the Hall 
probe was held in close contact with the surface of the magnet. 
The measured average flux density of each mesh is shown in 
" Table 4.1 and the results show that the flux density distribu- 
tion on each surface is not uniform. 
v 
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The flux density measurements, using Hall probe and 
search coils, demonstrate that the magnet produces a non- 
uniform flux distribution in three dimensions and this causes 
uncertainties about the actual definition of the air-stabilisa- 
tion point of the magnet. The data supplied by magnet 
manufacturer 
J16,18,19) 
shows the demagnetisation curves only in 
the direction of the magnets initial polarisation and a 
literature survey has failed to uncover any useful information 
of magnet properties in directions perpendicular to this. 
Obviously in view of the experimental results, it would 
be unreasonable to place too much reliance on the use of the 
Parker and Studders guide as a means of designing new rotor 
magnets. 
4.2.5 Determination of K from air-stabilisation results 
The previous section has shown that the design guide is 
unreliable for the existing generator design. Using experimental 
data as a basis, therefore a second attempt at 'predicting' the 
magnet working point was made. 
Assuming that the measured flux density on the surface. B 
represents the relevant air-stabilisation flux density, then an 
effective value of 48mT is calculated by substituting the 
average Hall probe results (Table 4.1) in equation (4.27). 
This value can be used to fix point D on the demagnetisation 
curve in Fig. 4.9. A recoil line is then drawn from point D to 
intercept the calculated working permeance line OB at point E. 
The working flux density level at point E is 270mT. Since this 
value is the useful flux density, a value of K=5.72mWb is 
obtained using equation (4.23). As the measured K value of 
48. 
6.3mWb is higher than this calculated value, the difference 
cannot be caused by leakage flux. With the magnet inserted in 
the stator, leakage flux densities from surface A and C were 
measured*so that the leakage permeance line could be 
established. Table 4.1 shows that, with the rotor poles 
aligned with the stator poles, the average values-of these flux 
densities are reduced considerably to 3.5mT and 2.3mT respec- 
tively and are negligible when compared to the higher calculated 
working flux density. 
Further investigations were therefore undertaken to 
examine the possibility that individual poles could have 
different air-stabilisation points which could help to account 
for the difference between the measured and calculated K 
values. 
Using the Hall probe measurement technique described in 
Section 4.2.4, the average flux density of each pole face B was 
measured. The corresponding effective air-stabilisation flux 
density was calculated using equation (4.27). The results are 
shown in Table 4.2. The pole designated number 1 was the rotor 
pole used in the test in Section 4.2.4. 
Table 4.2 Variations of Flux Density in Each' Rotor Pole. 
P l Flux density (mT) o e 
number 
Measured Effective 
average value, 
1 35 48 
2 31 43 
3 36 50 
4 39 54 
5 36 50 
6 33 . 
45 
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. 
Clearly pole 1 is fairly typical but there is a signific- 
ant spread of results from pole to pole. Factors which can 
cause such variations are numerous(5). The most likely causes 
are the effects of poor handling or storage, allowing the 
magnets to come into close proximity with other magnets or pieces 
of magnetic material or possibly differences in magnetisation. 
These problems highlight the difficulty in dealing with magnet 
materials of this type. 
The lowest and highest air-stabilisation flux density in 
Table 4.2 are shown as points G and F respectively in Fig. 4.9. 
Their corresponding working flux densities at points J and H 
were 265mT and 275mT. Using the flux density levels at points 
J and H, the lowest K value (point J) was calculated as 5.62mWb 
while the highest K value (point H) was 5.83mWb. Clearly the 
agreement with test results of K is not good. 
4.2.6 Effects of increasing working airgaps 
The design method was älso applied to Cobalt generators 
having increased airgaps of 0.75mm and 1.0mm. This was to 
investigate variations of magnet working points düe to increased 
airgaps, and to attempt to separate errors in the calculation of 
working permeance from those of air-stabilisation permeance. 
By using the same Cobalt rotor as in Section 4.2.5, the air- 
stabilisation point remains unchanged and is shown as point'A in 
Fig. 4.14. The working permeances for the increased airgaps were 
calculated from equation (4.22) and the lines OL and OM in Fig. 
4.14 represent the permeance lines for generators which have 
0.75mm and 1.0mm airgaps respectively. 
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A recoil line has been drawn from point A to intercept 
the working permeance lines OL and OM at points L and M. The 
calculated working flux density for the 0.75mm airgap. generator 
at point L is 245mT while the flux density at point M for the 
1.0mm airgap generator is 223mT. 
Table 4.3 shows the calculated K values for the various 
generators using equation (4.23) 
Table 4.3 Effects of Increasing Airgaps. 
Working Flux linkage K (mWb) Position in % 
air a (mm) Measured Calculated Fig. 4.14 error 
0.5 6.3 5.72 F 9.2 
0.75 5.8 5.19 L 10.5 
1.0 5.0 4.73 M 5.4 
Corresponding measurements of K were carried out on generators 
having these increased airgaps and the results are compared with 
their calculated values in Table 4.3. For these tests the 
stator, diameter was increased to achieve the desired airgaps. 
This was done to avoid any possible mechanical stress 
(5) 
on the 
magnet caused by the grinding of its outer diameter to achieve 
the required airgaps. There is some consistency in the results 
of Table 4.3 suggesting that it is the. air-stabilisation rather 
than the working permeance that presents the most difficulty in 
design calculations. 
4.2.7 Studies of Cobalt sample variations 
It was decided to make measurements of K on a number of 
Cobalt rotors to check on any possible spread of. experimental 
values. Employing the measurement technique described in 
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Section 3.2 for K, ten samples of standard Cobalt rotor were 
tested. Since the rotors were from the same batch, variations 
in K were not expected. However, the measured results plotted 
in Fig. 4.15 showed that the K values were not constant. The 
average K was 6.3mWb with the highest and lowest value as 
6.9mWb and 5.6mWb respectively. The lamp manufacturer confirmed 
that sample variations of rotors were not unusual and some 
rotors having low K values had to be remagnetised. 
Using the rotors which gave the highest and lowest K 
values, Hall probe measurements were carried out on surface B 
(Fig. 4.12) of their rotor poles when the rotors were air- 
stabilised. The measured average results are shown in Table 4.4 
together with their corresponding effective air-stabilisation 
flux densities which were calculated using equation (4.27). 
Table 4.4 Flux Density Measurements 
Flux density (mT) 
Pole Lowest K value Highes tK value 
number Measured Effective Measured Effective 
average value average value 
1 31 43 39 54 
.2 26 36* 40 55 
3 33 45 43 59* 
4 28 39 36 50 
5 32 44 41 56 
6 28 39 
. 
40 
. 
55 
Using the highest and lowest effective value in Table 
4.4 to fix the air-stabilisation points A and B in Fig. 4.16, 
recoil lines were drawn from A and B to intersect the working 
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permearce line OE, which was reproduced from Fig. 4.9, at point 
C and D. Using the flux density levels at points C and D and 
equation (4.23), the calculated K for point C was 5.94mWb while 
the value for point D was 5.55mWb. Again the results emphasise 
the difficulty in deciding which are the values-of B and-K to 
be used for analysis purposes. 
4.3 Extension of Design Technique to Alnico Rotors 
Despite the known difficulties it was decided to try to 
extend the design method to generators having different rotor 
materials, viz. Alnico (N) and Alnico (H. Br). The rotors were 
cast into the same configuration as the existing rotor geometry 
(Fig. l. 2) so that changes in circuit permeances were minimised. 
4.3.1 Studies on Alnico (N) rotor having a 0.5mm working 
air a 
Since the stator and the geometry of the Alnico (N) and 
Cobalt rotors were unchanged, the air-stabilisation and working 
permeance lines were assumed to be the same. They are repro- 
duced from Fig. 4.9 and shown as line OE and OD respectively in 
Fig. 4.17. The predicted air-stabilisation flux density at point 
E is lO5mT. A recoil line has been drawn from point E to 
intercept the working permeance line at point F. The working 
flux density at point F is 370mT, corresponding to aK value, 
using equation (4.23), of 7.84mWb. 
Using the measurement technique for K described in 
Section 3.2, a value of K= 6.4mt%Tb was measured which was 
effectively constant over the range of measured rotor speeds. 
. 
This suggests that any eddy current effects on K were negligible 
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and could not account for the difference between the measured 
and predicted K values. 
With the magnet inserted in the stator, leakage flux 
1 densities from surfaces A and C (Fig. 4.12) were measured with a 
Hall probe. The average values of these flux densities were 
4.5mT and 3. OmT respectively, small enough to be neglected. 
Thus leakage flux could not have contributed to the lower 
measured K value. 
Hall probe measurements were undertaken to establish 
the air-stabilisation point, as was used in Section 4.2.4. 
Preliminary measurements with a Hall probe mounted on a jig had 
shown that the flux density at the centre of each rotor pole face 
B (Fig. 4.12) varied from pole to pole. The results are 
presented in Table 4.5. 
Table 4.5 Variations in Flux Density. 
Pole number Flux density (mT) 
1 45 
2 47 
3 44 
4 43 
5 45 
6 46 
Average flux 45 
density (mT) 
As seen in Table 4.5, the flux density of pole number 1 
equals the average value. Thus-pole number 1 was chosen to 
represent a typical rotor pole and its surfaces A, B and C were 
mapped into rectangular meshes as shown in Fig. 4.13. Hall probe 
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measurements were carried out on each mesh. The results are 
shown in Table 4.6. - 
Table 4'. 6 Results of Hall Probe Measurements Referring to 
Fig. 4.13 during Air-Stabilisation 
mesh number 
Flux density (mT) at different surfaces 
A.... BC 
1 51 58 20 
2 42 50 50 
3 42 50 25 
4 51 58 55 
5 16 55 25 
6 10 45 55 
7 10 45 20 
8 16 55 50 
9 10 55 
10 10 45 
11 5 45 
12 5 55 
13 2 58 
14 2 50 
15 50 
-16 58 
Average flux 
density (mT) 19.4 52.0 37.5 in each 
surface .... .. 
Using the average flux density of surface B in. Table 4.6 
and equation (4.27), the effective air-stabilisation flux 
density is 71.6mT which is considerably lower than the predicted 
value of 105mT (point E). Thus the air-stabilisation point is 
shown as point B in Fig. 4.17. A recoil line drawn from point B 
intercepts the working permeance line OD at point G gives a flux 
density level at point G of 345mT. The calculated K is then 
7.3lmWb which is still higher than 'the measured value of 6.4mWb. 
During the initial development stage, the magnet 
manufacturer could only guarantee that the Cobalt rotor was fully 
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magnetised and not necessarily the Alnico (N) rotor. As 
explained earlier, magnets of identical shape and similar 
material should have the same air-stabilisation permeance line 
and thus the air-stabilisation point C must lie on its permeance 
line OE. Assuming that the Alnico (N) rotor was not fully 
magnetised, a likely minor demagnetisation curve (KCJ) was 
sketched in to pass through point C. A recoil line drawn from 
point C intercepts the working permeance line OD at point H gives 
a flux density level at point H of 26OmT. The calculated K is 
then 5.52mWb which is now lower than the measured value. 
It must be emphasised that the minor demagnetisation 
curve (KCJ) is a speculative curve and points C and H correspond 
to effective working points. In practice, different parts of 
the complex shape magnet have different minor demagnetisation 
curves, recoil permeabilities, air-stabilisation, working and 
leakage permeances. Obviously with such complex behaviour, and 
the possibility of an incompletely magnetised magnet, good 
agreement between measured and calculated K cannot be expected. 
The possibility that the magnets needed remagnetising was 
suggested to the manufacturer who then agreed to check on this. 
When a fully magnetised Alnico (N) rotor was made avail- 
able, Hall probe measurements were repeated and the effective 
air-stabilisation flux density was 92mT. This 'measured' value 
was now closer to the earlier predicted value of 105mT. This is 
shown as point M in Fig. 4.17. A, recoil line drawn from point M to 
intercept the working permeance line OD at point L gives a working 
flux density at point L of 360mT. The corresponding calculated 
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K is 7.63mWb whilst the measured value was 8.5mWb. This trend 
which showed higher measured'K values was similar to that 
observed for the Cobalt generators in Sections 4.2.5 and 4.2.6. 
4.3.2 Studies on Alnico (H. Br) rotor having a 0.25mm 
working airgap 
The geometry of the Alnico (H. Br) rotor was identical to 
the existing Cobalt rotor, thus the air-stabilisation permeance 
line was assumed to be unchanged. This is shown as line OB in 
Fig. 4.18. The outer diameter of the rotor was 69.5mm and, when 
used with the standard stator, the working airgap of the 
generator was 0.25mm. Using the appropriate data in equation 
(4.22), the calculated working permeance line is shown as line 
OE in Fig. 4.18. 
In the initial development stage, the Alnico (H. Br) rotor 
was again shown to be not fully, magnetised. Hall probe measure- 
ments were undertaken when the rotor was air-stabilised and the 
effective air-stabilisation flux density was 74mT. This is 
shown as point A on the air-stabilisation permeance line OB. 
A recoil line drawn from point A gives a working flux density 
at point C of 315mT and a calculated K of 6.68mWb. The measured 
K value was 7.8mWWb. 
Assuming the rotor to be fully magnetised and using the 
air-stabilisation permeance line OB, the predicted air- 
stabilisation flux density is 95mT (point B in Fig. 4.18). The 
corresponding working flux density-at point D is 395mT and the 
calculated K is 8.37mWb. When a fully magnetised Alnico (H. Br) 
rotor was made available, it had a measured air-stabilisation 
flux density of 85mT shown as point F in Fig. 4.18. The 
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corresponding working flux density, at point G, is 385mT and 
the calculated K is 8.1: 6mWb. -The measured K value now had a 
higher value of 8.7mWb. This trend, showing, higher measured 
K, was similar to that observed in the other generators 
investigated. 
Five Alnico (H. Br) rotors were made available and their 
K values were measured to determine the sample variations. The 
results are plotted in Fig. 4.19 and they shown that the K values 
are reasonably constant. As shown in Fig. 4.20. the gradient of 
the Alnico (H. Br) demagnetisation curve is less than that of 
cobalt near its coercivity point Hc. If both magnets experience 
equal demagnetising force, Hext, it can be seen that the cobalt 
material will experience a larger drop in the flux density than 
the Alnico (H. Br) material. This would make the Alnico (H. Br) 
magnet more stable than Cobalt and help to explain the more 
consistent K values measured on Alnico (H. Br) generators. 
Clearly the previous sections have shown how difficult 
it is to get consistent predictions of K values even from 
sample rotors. Any attempt therefore to predict for new rotor 
designs without using test samples would be unlikely to 
succeed. 
4.4 Inductance Calculations 
The calculation of stator inductance L, when the rotor 
is at the position of peak stator flux linkage, was undertaken 
with the following assumptions, 
(i) The reluctance paths seen by the stator winding are 
assumed to be those shown in Fig. 4.21 
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(ii) The reluctance path between the rotor poles is neglected 
(iii) The soft iron stator has infinite permeability 
(iv) The permeability of the magnet is constant and equals its 
recoil permeability 'recoil 
(v) Eddy current, hysteresis and skin effects are neglected. 
Based on these assumptions an estimation of the stator 
inductance is given by 
L= 2p N2 =r1+? +1 2pN2 (4.28) ST Sg +S 
m 
Ss Se 
= LC + LS + Le 
where p is the number of pole pairs and equals 3 
N is the number of turns per pole and equals 12 
ST is the total reluctance per pole 
Sg is the airgap reluctance per pole 
Sm is the magnet reluctance per pole 
Ss is the reluctance per slot 
Se is the end winding reluctance per pole 
Lgm is the total magnet-airgap inductance 
Ls is the total slot inductance 
Le is the total end winding inductance 
The airgap reluctance is given as 
Z 22, 
Sg = u0Ag = Uo (Zs+Zr) t 
where kg is the airgap between the rotor and stator 
Ag is the effective airgap area defined by equation (4.18) 
and assuming that the flux flows radially in the magnet pole, 
as shown in Fig. 4.11, the magnet reluctance is 
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' SC 
S=m (4.29) 
m uourecoil m 
By substituting for Zm/Am from equation (4.21), the 
magnet reluctance is then given as 
log (r2/rl) 
(4.30) Snº 
UoUerecoil et 
For the existing generator having a Cobalt rotor and, a 
0.5mm airgap, the calculated airgap reluctance is 1.1 x l06H-1 
while the magnet reluctance is 6.0 x 106H-1. Thus theýtotäl 
airgap-magnet inductance is 
2 
Lgm =S? = 2p x20.3pH = 122iH (4.31) 
m9 
With a rectangular open slot shown in., Fig. 4.22, the induc- 
tance due to % is given as 
(43) 
N2 Lb =C path 
and the inductance due to a 
is 
a 
i 
La (Nä X)2110tc6x 3c uota 
0 
Therefore the inductance per slot is expressed as 
2p t a) LS1. = La+Lb =N0c (b+ 
(4.32) 
(4.33) 
(4.34) 
For the existing stator design, which has the dimensions 
given in Fig. 4.22, the inductance per slot is 2.5zH while the 
tötal slot inductance is then 
Ls' = 2p (2LS 
1) 
= 30PH (4.35 ) 
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The calculation of end-winding inductance Le is generally 
agreed to be difficult because the end-winding flux involves a 
three-dimensional field pattern with complex boundaries. It has 
been shown 
(17 that the estimation of end-winding inductance 
using various formulae, which were derived by a number of 
research workers, can give different estimations. Moreover, 
these formulae are given for specific machines which have soft 
iron rotors and are not general enough to be extended to cover 
permanent magnet machines which have low working permeability 
rotors. 
Assuming that the paths of the end flux ýe is as shown in 
Fig. 4.23 and the permeability of the iron is infinite, then the 
end-winding inductance is given approximately by 
A 
Le = 2pN2p0 Qa (4.36) 
By substituting Lgm, Ls and Le from equations (4.31), 
(4.34) and (4.36) into equation (4.28), the stator inductance 
is then 
L= 2pN2uo r 2£2 log r2 rl ) 
A's+Qr e urecoil 
{+} 
+C (b+3) + ýaJ (4.37) 
Equation (4.37) shows that the stator inductance varies 
linearly with the axial length t and at t=0, L=Le the end- 
winding inductance. 
Experiments were undertaken to obtain a value for the 
end-winding inductance of the generator. Direct accurate 
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measurement of Le is not possible because this would require a 
machine having a very short axial-length such that t}0. Using 
the method described by Barnes(44), 'the end-winding inductance 
can be estimated by extrapolating the measured inductances of 
generators having different axial lengths to the t=0 axis. 
These generators were constructed by stacking up identical 
standard axial length stators and permanent magnet rotors into 
single units as shown in Fig. 4.24. The magnetisation state of 
the rotors has negligible effect on the stator inductance as 
demonstrated in Section 3.3.2 and thus rotors of the same magnet 
material can be randomly selected for the manufacture of these 
multiple length rotors. 
The inductance of these generators was measured using 
the inductance measuring technique described in Section 3.3.1. 
A low frequency of 10Hz was used in the tests to minimise eddy 
current effects. Fig. 4.25 shows the measured inductance 
variation with axial length. By extrapolation, the estimated 
end-winding inductance Le is 40pH. 
The tests were repeated for Alnico (N) rotors, and for 
the stators without rotors. In both cases, as is shown in 
Fig. 4.25, the end-winding inductance is also estimated as 
4011H. 
Tests at 400Hz for each of the three cases above show 
that whilst eddy current effects reduce the overall stator 
inductance and make it non-linearly dependent on axial length, 
as shown in Fig. 4.25, extrapolation still gives an estimated 
end-winding inductance of 40uii. 
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Thus the tests have demonstrated that, within experi- 
mental limits, the end-winding inductance of the existing 
generator is 4ONH and it is insensitive to rotor materials and 
eddy current interactions. 
The stator inductance of the existing Cobalt generator, 
which has a 0.5mm airgap, is calculated by adding its individual 
inductance components Lgm, Ls and Le using equation (4.28). 
The calculated inductance is given in Table 4.7 and is compared 
with its measured value reproduced from Table 3.2. 
Table 4.7 Comparison of Calculated and Measured Inductances 
of Cobalt Generator 
Airgap Stator Inductance (pH) % 
(mm) Calculated Measured Difference Errors 
0.5 192 250 58 23 
0.75 183 230 47 20 
1.0 175 215 40 19 
For comparison purposes, the inductance calculation of the 
standard axial length Cobalt generator has been extended to 
cover generators having working airgaps of 0.75mm and 1.0mm. 
The calculated inductances are given in Table 4.7 together with 
their corresponding measured values. For these generators, the 
stator inner diameter was increased to achieve the desired 
airgap. 
The inductance of standard axial length generators 
having Alnico (N) and Alnico (H. Br) rotors have been calculated 
and are compared with their measured values in Table 4.8. 
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Table 4.. 8 Comparison of Calculated and Measured Inductances 
for Different Materials and Airgaps 
Rotor Recoil Airgap Stator Inductance (pH) % 
material perme- abilit 
(mm) Calculated Measured Difference Error 
Cobalt 12 .5 192 250 58 23 
Alnico 6 .5 136 200 64 32 (N) 
Alnico 7 . 25 150 218 68 31 (N. Br) 
Results given in Tables 4.7 and 4.8 show that good 
agreement has not been achieved from these tests and it is 
probable that with a low permeability rotor there is a signific- 
ant component of flux which passes between adjacent rotor magnet 
poles. Thus by introducing an interpolar rotor reluctance Sp 
, 
in parallel with the magnet reluctance Sm, a new equivalent 
circuit as shown in Fig. 4.2.6 is obtained. From analysis, it can 
be shown that the stator inductance is now given as 
L= N22p[S +S +S +S D (4.38) 
g nip Se 
and the magnet-interpolar permeance is 
ss +s mp mp 
(4.39) 
Substituting equation (4.39) into (4.38) and rearranging 
it, the interpolar rotor reluctance is 
sP =11_1 (4.40) 
_ 
L-LPNi S 
gm 
g es 
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Using the experimental values of L and Le and the 
calculated values of Ls, Sg and Sm in equation (4.40), a value 
of Sp for each rotor is calculated and is shown in Table 4.9. 
Table 4.9 Table. of Calculated Interpolar. Re. luctances Sp 
Rotor 
Material 
Airgap 
(mm) 
Reluctances x106H-1 
Sm ,sS 
Cobalt 0.5 6 1.1 9.65 
Cobalt 0.75 6 1.65 10.0 
Cobalt 1.0 6 2.2 10.1 
Alnico (N) 0.5 12 1.1 10.3 
Alnico (H. Br) 0.25 10.3 0.55 10.9 
The value of S, obtained in this way is fairly constant 
and has an average value of 10.2 x lOGH-1. 
Whilst this combination of experimental and calculated 
reluctances could probably be used for similar rotor geometries, 
any drastic change in rotor materials. or geometries would make 
the calculation invalid. 
4.5 Saliency Torque 
As discussed in Section 2.4, the need for the saliency 
torque to be less than the turbine torque at standstill is an 
important design requirement for starting purposes. The saliency 
torque can be calculated by the use of the Maxwell stress 
(30 
concept , 
40). The magnetic forces transmitted through space, 
or non-magnetic medium are considered by the following stress 
system, 
(a) A tensile stress of magnitude kBH Nm-2 (Fig. 4.27) 
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(b) A compressive stress also of magnitude /BH Nm-2 (Fig. 4.28) 
In the general case, when the flux density B acts at an 
angle 0 normal to a surface the stress 'd' makes an angle 28 
with the normal (Fig. 4.29) 
The normal stress is then given as 
2 (B2 +-B2 ) 
do = 2ü cos26. =n 2u 
t (2cos26-1) 
00 
2 
2) =1 
(B2 - Bt 
uo 
while the tangential stress is 
(4.41) 
2 
) 
B2 
(Bn + Bt 
dt = 2u. sin2O = 2u 
(2cosOsinO) 
00 
Bn Bt 
(4.42) 
110 
B 
where cos© =n 
VIE-+B 
nt 
Bt 
sinO = 
Bn-+ Bt 
Bn is the normal-component of B 
Bt is the tangential component of B 
By applying the stress calculation across the airgap 
path at radius r (Fig. 4.30), the total torque developed is 
expressed as 
'r/P 
T= rF = r2p 
f 
dt tr 68 
0 
ý/P 
=r2 
2ptt (Bnt B d0 (4.43) 
110 J0 
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Equation (4.43) shows that the saliency torque can be 
calculated if Bn and Bt at every point at radius r is known. 
Obviously the difficulties in predicting a sensible airgap flux 
density as discussed in Sections 4.1 and 4.2 would make it 
extremely unlikely that its components Bn and Bt could be 
obtained with any certainty. Hence saliency torque would be 
difficult to obtain without recourse to the building of test 
rotors. 
4.6 Types of Permanent Magnet Materials and Their 
Considerations 
The variety of permanent magnet materials available in 
the world market is extensive and they are generally classed as 
anisotropic and isotropic materials. Anisotropic magnets normally 
have superior properties compared to the isotropic types if they 
are used along the axis of initial polarisation. Fig. 4.31 shows 
the demagnetisation curves of a limited range of metallic 
magnets 
(16) 
whilst Fig. 4.32 illustrates the almost linear curves 
of the ferrite 
(16) 
and rare-earth 
(18,19) 
magnets. Table 4.10 
compares the properties of various magnetic materials examined 
in this thesis. 
Metallic magnets, which were early developments in magnet 
technology, have non-linear B/H curves and they are sensitive to 
irreversible demagnetisation, as described in Section 4.14. -I 
Ferrite magnets, which have recoil lines almost coincident with 
their demagnetisation curves, are more stable magnetically and 
are less. prone to irreversible demagnetisation compared to 
metallic magnets. In a number of applications 
(6), 
these magnets 
have replaced metallic magnets because of their more stable 
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magnetic properties and lower relative cost. 
I 
However ferrite 
magnets have low flux densities and tensile strength. 
Recent developments in magnet technology for space 
research has introduced a new range of high energy rare-earth 
magnets. These magnets have better magnetic properties than 
the ferrite or metallic magnets, büt they are relatively more 
expensive. However, with increasing manufacturing efficiency 
and quantity, and with the rapid rise in the cost of Cobalt which 
is an element used in most metallic magnets, the rare-earth 
magnets will soon be more competitive because less of this 
magnetic material is required to produce the same amount of flux. 
The mechanical strength of the magnet material is also a 
major design consideration to prevent the rotor from disinte- 
grating when it is operating at'high speeds and experiencing 
high centrifugal force. In certain rotor designs 
(23), 
the rotor 
would have to be die cast with aluminium to give extra mechanical 
strength. The need for such a reinforcement structure, which 
would increase manufacturing difficulty and cost, cannot be 
determined until the rotor material and geometry has been 
decided, and discussed with the magnet and lamp manufacturer. 
Thus when selecting magnet materials, the designer must be able 
to view the production of the generator as a whole, for extra 
cost of one component may well be more than counterbalanced by 
consequent savings on other components. 
As shown in Sections 4.2,4.3 and 4.4 the permanent magnet 
material properties affect both K and L. Thus it was decided to 
investigate the effects of other magnet materials on K and L. 
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By using rotor and stator geometries which are identical to the 
existing design, the air-stabilisation and working permeance 
lines remain unchanged and are shown as lines OA and OB 
respectively in Fig. 4.33. Three types of magnet materials, 
Alcomax IV, Feroba III and Supermagloy 20 are considered and 
their respective demagnetisation curves are drawn in Fig. 4.33. 
Using the calculation procedure described in Section 
4.2.5, the air-stabilisation and working flux densities for the 
various magnets are calculated from Fig. 4.33. The working flux 
density levels are shown in Table 4.11 together with their 
calculated K values. The inductances, are calculated by using 
experimental values of Se and Sp and calculated values of Sm, 
Sg and Ss in equation (4.38) and the results are also given in 
Table 4.11. Because any changes in rotor design affect both 
K and L, it is more sensible to observe their combined effect 
i 
on the peak torque (Tmax =) when considering design changes. 
The value of Tm for the various rotors is calculated and com- 
pared in Table 4.11. The Tmax of the existing Cobalt rotor, 
determined from calculated values of K=5.72mWb and L= 247pH, 
is 0. O99Nm. The comparison of Tmax normalised to that of cobalt 
given in Table 4.11 suggests that a generator having a 
Supermagloy 20 rotor can generate 14 times more power than the 
existing design at the same speed. However the cost of a 
Supermagloy 20 rotor is about 20 times that of cobalt. So it 
can be seen that the design of a new rotor for the uprated- 
generator requires a better utilization of permanent magnet 
materials to be cost-effective. 
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4.7 Conclusion 
This study has shown that the parameters K and L can 
only be calculated with limited accuracy using the design 
methods described in Sections 4.2 and 4.4. Furthermore, these 
. methods are 
dependent on experimental data and cannot be used 
with confidence if the generator is radically redesigned. 
As described in Section 4.5, there is also difficulty in 
calculating saliency torque using the standard design method 
for permanent magnets. For these reasons a computer-aided 
design method described in Chapter 5 has been developed for 
the calculation of K, L and saliency torque based on a more 
fundamental study of the magnetic field of any proposed 
generator design. 
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CHAPTER 5 
COMPUTER AIDED DESIGN 
5.1 Introduction 
The limitations of the standard design method can be 
overcome by analysing the magnetic circuit in greater detail. 
This is achieved by treating the circuit as a boundary value 
problem and solving the governing magnetic field equations. 
It is then possible to calculate the parameters K and L, and 
the saliency torque, and obtain an insight into the dependence 
of the performance of the generator on geometrical and material 
properties. 
Because the geometry of the generator is rather compli- 
cated, and since it is important to account for the exact mag- 
netisation and demagnetisation behaviour of the soft iron and 
permanent magnet-pole pieces, it is not possible to use 
analytical 
(42) 
or integral 
(41) 
methods for solving the field 
equations. Therefore the field' distribution has been computed 
by the numerical method of finite elements, which, like all 
numerical methods, reduces the problem to the inversion of a 
matrix of finite order. The finite element method 
(22-28,31-33) 
has been used widely for solving non-linear Poissonian problems, 
and is preferred to alternative methods such as the finite 
difference method 
(29,30,34,35,38) because of the ease with which 
irregularly shaped bounded regions can be discretized into a 
non-uniform mesh. 
_ 
Computer programs, based on the finite element method, 
have been developed and used to calculate the two-dimensional 
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magnetic field in the active length of the machine during the 
initial magnetisation of the permanent magnets, subsequent air- 
stabilisation, and, finally, during recoil operation. The 
programs can calculate flux lines, magnetic induction, forces 
and torques for any arrangement of permanent magnet materials, 
iron cores and current carrying windings. 
It has been assumed that the metallic magnets, viz. 
Cobalt, Alnico (N), Alnico (H. Br) and Alcomax IV, are magnetised 
with the complete rotor mounted in the stator core, the stator 
winding being used for excitation. The magnetisation calculation 
provides important information regarding the level of saturation 
attained throughout the rotor during magnetisation, and the 
direction of magnetisation, which is used in the subsequent 
air-stabilisation and recoil operation calculations. During air- 
stabilisation, when the complete rotor is removed from the stator 
core, the stabilised operating point varies throughout the 
magnet material. Thus, when the rotor is re-inserted into the 
stator, different regions of the, magnet recoil from different 
stabilised points on the demagnetisation curve. 
Since, in practice, the rare earth magnets would be mag- 
netised in a separate magnetising jig, it has been assumed that 
they are fully magnetised in a specified direction before the 
rotor is assembled. 
Once the magnetic field distribution has been calculated, 
the parameters K and L, and saliency torque, can be predicted 
to a much greater accuracy than could have been achieved by the 
methods described in chapter 4. Thus the prediction of the 
performance of the generator has been reduced to a mathematical 
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problem which takes account of field dependent material properties. 
Unfortunately complete information on the fundamental behaviour 
of permanent magnet materials is not available. For example, 
to the writer's knowledge, the. dependence of the demagnetisation 
characteristic on the level of saturation attained during initial 
magnetisation has not been measured, nor has the variation of 
recoil permeability with stabilised operating point for metallic 
magnets, - or the magnetic properties normal to the initial 
polarization direction. As a result the full potential of the 
mathematical models cannot be exploited. 
To ease the calculations the following assumptions are 
made : 
i) The magnetisation and demagnetisation curves are single 
valued, that is hysteresis is neglected. 
ii) Eddy current effects are neglected. 
iii) The permanent magnet materials are completely saturated 
during magnetisation, thus all. parts of a magnet have 
the same demagnetisation curve. 
iv) During recoil operation of the magnet the narrow recoil 
hysteresis loops, shown in Fig. 4.1, are assumed to be 
recoil lines having a gradient of uo u recoil, where 
'recoil is the recoil permeability of the magnet and has 
the value specified by the manufacturer. 
v) The field problem is bounded at a boundary which is 
coincident with the outer surface of the stator core. 
The calculations have been limited to a two-dimensional 
cross-section of the generator and do not account for the effect 
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of, stray fields at the ends of the machine. However since the 
axial length of the generator is so short the end-winding 
inductance is a significant component. Therefore the end- 
winding inductance, which has been estimated earlier in section 
4.4, is included in the calculation of total stator inductance. 
The implementation of the finite element method has been 
eased by the availability of an automatic data generation routine 
which greatly reduces the amount of input data needed to specify 
the problem. Graphical routines have been developed to display 
the results of the finite element analysis and assist in the 
detection of input data errors, and assessment of the effects 
of changing machine geometry and magnetic materials. 
5.2 Field Equations 
In static magnetic field problems, the relationships 
between the vectors, H, B, J and M are given by Maxwell's 
equations :- 
CurlH=J - 
Div H=0 
s= ua(H+M) 
The magnetisation, M is given by 
M= (ur-1)H 
for soft magnetic materials, while that for hard magnetic 
materials, which are assumed to be anisotropic, is 
M=M (Bmag) 
(5.1) 
(5.2) 
(5.3) 
where Bmag is the component of the field in the preferred 
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direction of magnetisation. The component of magnetisation 
normal to the preferred direction is neglected. 
The effect of the permanent magnet material can be 
represented by an equivalent current density distribution, 
J (36) 
m 
Assuming there are no macroscopic currents in the 
magnet 
Curl H=0 (5.4) 
. '. Curl 
ü= Curl(H+M) = Curl m= Jm (5.5) 
Introducing the vector potential, A defined by 
B= Curl A (5.6) 
and Div A=0, then the quasi-Poissonian equation is 
ä 
jr (äX) + 
äy (ü äy) _ -(J + Jm) (5.7) 
where J is the current density associated with current carrying 
conductors and Jm is the equivalent' current density which 
represents Cur1(B/uo) for the region containing the permanent 
magnet. In the magnet u takes the value of VO and represents 
uopr elsewhere. 
Equation 5.7 can be solved, for specified boundary 
conditions, by the finite element method 
(36), 
which-accounts 
for the field dependence of the source term, Jm. 
5.3 Variational Formulation 
The numerical solution of the finite element method to 
the partial differential equation (5.7) is obtained by formu- 
lating the problem in variational terms. By minimising an 
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integrated quantity, a functional, over the problem space, 
equation (5.7) together with the specified boundary conditions 
(28) 
is satisfied. The appropriate functional for a Poissonian 
class of problem is, 
B 
I=JCJ HdB-JA1 dR 
R0 
(5.8) 
where R is the field region. Substituting for H and accounting 
for J, this becomes 
B 
B) dB - (J+Jm)A] dR (5.9) I=Jc1 u(B 
Ro 
The first term of equation (5.9) represents the stored 
magnetic energy, whilst the second term represents electrical 
energy. 
A slightly different formulation which incorporates the 
permanent magnetisation directly into the functional is obtained 
by substituting for H directly from equation (5.3) into equation 
(5.8) to give 
BB 
JJü dB- f MdB-JA] dR (5.10) R00 
where J is the specified current density in any current carrying 
conductors. For soft iron when M= r-1) 
H, then the functional 
is 
B 
I=JJ ýýdB dR 
Ro 
I= (5.11) 
The advantage of the formulation of equation (5.10) over 
equation (5.9) lies mainly in the ease with. which the sources 
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of the field due to the magnetisation can be evaluated. 
5.4 The Finite'Element Method 
The finite element method 
(52-57) develops the solution 
by minimising the appropriate energy functional given in section 
5.3 over the problem space. It is implemented by dividing the 
space into a number of simple shapes, or elements, based on a 
distribution of nodes. These can be simple 1st order triangles 
within which B, p(B) and J are assumed to be constant. Within 
these elements the field is related to the unknown function 
nodal values by simple relationships and this allows the 
functional to be evaluated and minimised readily. 
In a translationally symmetric system, the only components 
of the field vectors are, 
AZ ,J= Jz . 
B= .Bx 
ix + sy i= dy ix - ! LA (5.12) 
H= HX iX + Hy i 
The general functional is 
BB 
I= Jr1B dB- MdB-JA3 dxdy (5.13) 
o0 
where u takes the value uo in the permanent magnet and WUr 
elsewhere, M takes a value only in the permanent magnet, and J 
is a specified conduction current density. 
For 2-dimensional planar problems equation (5.13) becomes 
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22$ 
C( (ax) +(Z) }-J MdB-JA3dxdy (5.14) 1-5 
o 
JR 
If the angle between the preferred direction of magnetis- 
ation of the permanent magnet material and the positive Y-axis, 
is aA, then the component of B in the preferred direction is, 
B4=By cos(am) + BX sin(ate) (5.15) 
and it follows that the field dependent magnetisation is 
M(Bmag). Within any triangular element, e, the vector potential 
function, A is assumed to vary linearly according to, 
AR pC + qex + rey (5.16) 
Applying equation (5.16) to each vertex, 1,2 and 3, of 
the typical element e of Fig. 5.1 gives 
Ai = pe + geXIe + retie 
Ai = pe + gex2e + rey2e 
Ai = Pc + gCx3C + reY3e (5.17) 
from which 
x2 y2 
x 
ix, 
Yý1 
e+ A=e'x Yile 
+ Asejx2 Yale} 
P a{ 
ae 
3 
Ai pe 
iýl 
where A is the area of the element, 
80. 
qe 
Al0(Y: -Yl)e + A? 
e(Y, 
-Y, )e + A., 
e(YI-Y2)e 
} 
2e 
e Ai qi (5.19) 
i=1 
=e ={ 
Ale(xj-x2)e + A2e(xl-xj)e + Ae(x2-x1)e } 
2 
13ee 
2Q iýl 
Ai =i (5.20) 
Fron equations (5.12) and (5.15), it follows that the 
magnet flux density is 
mag 
3A 
cos(am) +A sin(am) ax ay 
3 
a 2Aiý1 
C« qi cos(am) + r1 sin(am) ] Ai (5.21) 
The condition for minimisation of the functional, I of 
equation (5.14) is aÄ =0 for all nodes and 
i 
I aI aO for all elements (5.22) 
R aAi 
For a typical element, e, 
at at 31 ai (5.23) 
aA °a aAII aA2 
I aA3 
From equation (5.14) 
aA aI 1 aA a DA aA 3 
lAi äy Uj. (y)} 
Rü{ 
äX ( 
-a M(Býag) B-J-3 dxdy (5.24) 
ii 
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Using equations (5.18), (5.19), (5.20) and (5.21) to 
calculate the components of equation (5.24) and assuming p and 
J are constant over an element, gives 
" aA 
äX " 
a 
aA1 (aA) ae ax q" 
q ze 
Al 
a 
r, 
ý lgl ig2, q3] A2 "A Zig 
A3 
aA 
" yä 
a 
aA l 
e (1 äy )'r" 
rL 
Zn 
Al 
a [rl"r2"r3] A2 " 2A 2, 
A3 
as Hin )B - M(B 
) 2° (-glcos (am)+rlsin(am 
and 
3A 
= 
a(pe+Qex+rey) 
aA1 aAl 
3 
1a[z 
(Aipi+Aigix+Airiy)J 
1a 
2Ö aA, 
1 1C 
P1+glx + riy 
Thus, 
fj1"g2. q3 
Al 3 
aA, 
At- 
A2 41 
JJdxdy 
4, & 2u LA3. [ri. r2. r3 3 Al 
+ 
4e2 A2 
r1 JJdxdy u 
" LA3 ! i(ßma ) 
- --2ý `- (-gIcos (am) + resin (a, ))ff dxdy 
17 
a 
(( 
(pi + qix + rly)dxdy (5.25) 
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Using Jjdxdy =e and 2Ö JJ(pz4zx+riY) =3 gives 
rAl äA1 = 4öu [(g1q1+r1r1). (glq2+r1r2) . (glqs+rlri] Az 
A= 
M(B ) 
- C-gIcos(am) + rIsin(an)]- J3 (5.26) 
In equation (5.26), the value of an equivalent magnetic 
current at each node of a magnetised element is written 
explicitly in terms of the nodal coordinates and the state of 
magnetisation of the permanent magnet material. 
Thus by deriving similar expressions for 
32 
and 
,, 
S11 
1a1S12 
c 4eu alii 
s13 
S12 S13 Al 
S22 S23 A2 
S23 S33 A3 
- 
td (8 ) 
)+ rlesin(a ) Jý + rag (-41ecos(a 32 m m 
J + 
M(B 
ag) (_g2ecos(a )) )+ r2esin(a 
(5.27) 
. 2 m 3 
M (8 ) 
)) )+ r3esin(a J3 + mag (-glecos(a 
m m 
where a typical coefficient of the square symmetric matrix is 
described in terms of the vertex coordinates according to, 
Sit s (Yt-Y3) (Y3-Yi) + (x, -xt) (x1-x3) (5.28) 
Assembling similar matrices for every element leads to a 
set of algebraic equations in which the vector potential at the 
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nodal points are the unknowns. The resulting equations are non- 
linear because of the dependence of M(Bmag) on the nodal poten- 
tials and the non-linear magnetisation characteristic of the 
soft iron elements. Thus the matrix representation of the whole 
system is 
Ai 111j 3 
I-ILL + ui 
2 
ai 
A2 
(5.29. ) 
\ýI 
M 
\nn 11 An ' nJn 3+n2 an 
The assembled matrix CS], where coefficients are a function 
of the x and y coordinates, is symmetrical about the leading 
diagonal and is banded, since nodal equations only involve 
contributions from elements connected to that node. 
5.5 Boundary Conditions 
In order to solve for the magnetic field distribution, 
the problem has to be bounded. Theoretically all the boundaries 
should be at infinity. But when the stator core has high 
permeability, it is acceptable to assume that the outer surface 
of the core is a flux line, i. e. there is no leakage flux from 
the back of the stator core. The same boundary has been assumed 
to apply during air-stabilisation and obviously this introduces 
some error. A technique(3SQ known as 'ballooning' would be 
appropriate to extend the boundary to infinity, however with 
limited time available this technique was not used in the computer 
programs. 
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5.5.1 'The location, of boundary surfaces 
Because of symmetry, calculations of the magnetic field 
under 'open-circuit' conditions can be restricted to a half 
pole-pitch of the machine, the pole axis being a flux line and 
the interpole-axis an equipotential line. These boundary 
conditions are summarized in Fig. 5.2. The symmetry of Fig. 5.2 
would also hold under load conditions if the armature reaction 
were entirely demagnetising, which would correspond to a short- 
circuit case at zero power factor, or entirely magnetising. If 
the rotor poles are displaced from the stator poles the calcul- 
ation needs to embrace a complete pole-pitch of the machine. 
5.5.2 Dirichlet boundary conditions 
For a Dirichlet boundary condition 
(57), i. e. when the 
vector potential A is specified at the boundary, the finite 
element equations have to be modified so that the boundary 
condition is accounted for in the assembled matrix representation 
of the problem. In two-dimensional cartesian coordinates the 
Dirichlet boundary condition corresponds to a flux line. 
5.5.3 Neumann boundary conditions 
For a Neumann boundary condition 
(57), i. e. when the normal 
gradient of the vector potential 
än is specified at the boundary, 
an additional term has to be included in-the functional of 
equation (5.13). For 
än 
= 0, this term is zero, since the 
condition of zero tangential H is a natural boundary condition 
of the finite element method. In two-dimensional cartesian 
coordinates the Neumann boundary condition corresponds to a 
specified tangential flux density at the boundary surface. 
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5.5.4 ' Periodic boundary 'condition 
A further type of boundary condition which has to be 
imposed when the symmetry of Fig. 5.2 no longer holds is that 
of periodicity. During the saliency torque calculation, for 
example, when the rotor poles-are mis-aligned with either the 
stator poles or interpoles, the calculations have to be extended 
to embrace a full pole pitch. At the radial boundaries 1 and 2 
in Fig. 5.3, the tangential components of the field will then be 
identical. It is then necessary to set Al = -A2 at the 
corresponding boundary nodes. 
5.6 Solution Of Finite Element Equations 
The two principal methods of solving the set of non-linear 
algebraic equations resulting from the finite element method are 
the Direct method and the Iterative method. 
5.6.1 Direct methods 
By representing equation (5.29) as, 
1s] 1A] _ 1b] (5.30) 
a solution is required for 
ýÄý 
._ý S] 
1 ED (5.31) 
The matrix equations can be solved from an initial 
estimate of the permeability distribution throughout the bounded 
region. Once the vector potential values have been calculated 
the flux density and hence the new permeability in each 
triangular mesh can be calculated. By using updated permeabil- 
ities the vector potentials can then be recalculated. The 
calculation of the vector of vector potentials, A, on each 
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iteration is by direct inversion of the stiffness matrix LSý. 
This iterative sequence can be continued until the solution for 
the vector potentials has converged to a specified and accept- 
able accuracy. 
The disadvantage of a matrix inversion solution is that 
it requires a relatively large computer memory storage since the 
complete matrix rS] has to be stored. If the problem is very 
large the time taken to solve the equations becomes excessive 
since the computing time is approximately proportional to the 
cubic power 
(58) 
of the number of equations. 
To reduce both the computer memory storage and the 
solution time, various direct methods of solution which exploit 
the sparsity and banded form of the stiffness matrix (Sý, such 
as Gaussian Elimination, Symmetric Choleski Factorisation, 
Pivotal Elimination and Chord Method, can be used. A standard 
ICL Scientific Subroutine, MCHB(66 , which uses Gaussian 
Elimination to invert a banded symmetric matrix, is incorporated 
into the computer programs for solving the finite-element 
equations. 
5.6.2 Iterative method 
An alternative to the direct method of equation (5.30) is 
to employ an iterative method. From the matrix equation (5.29), 
the equation representing a particular node i takes the form 
n 
I SijA. = bi (5.32) 
j =j 
Therefore 
bi n S.. 
Ai SSA. 
(5.33) 
ii j=l ii 
j/-i 
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where Sii is the leading diagonal term in the matrix 15:. 
To initiate an iterative solution, the vector potentials 
are estimated so that the flux densities and hence permeabilities 
can be calculated. By using equation (5.33) a better estimate 
of the vector potential A. for node i can be obtained. Equation 
(5.33) is applied to each node in turn, thus improving the 
estimates of the vector potential and permeability. 
The vector potentials are calculated by an iterative 
process which can be summarized by 
bnS.. 
S Ai 
+1 
=im 13 A' (5.34) s3- j ii 
j ?i 
where m is the iteration number. 
In order to improve the convergence of the iterative 
procedure, it is possible to accelerate the change in vector 
potential in successive iterations by using an acceleration 
factor y. The accelerated vector potential is given by 
Ai .= Ai +y (Am 
+1 
- Ai ) (5.35) 
where Ai 
+1 
and Ai is given in equation (5.34). 
If y<1, the method is termed under-relaxation, and 
over-relaxation if y>1. This procedure is called Successive 
(Over-relaxation60-62) 
or SOR. 
5.6.3 Calculation of flux densities from vector potentials 
The flux density, which is assumed to be constant in each 
element, can be calculated from the nodal vector potentials. 
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From equations (_5.12) , C5.16), (5.19) and (5.20), -th. e flux 
density components are 
e3 
BX = 
äy 
= re = 2A Ai re (5.36) i=1 
and 
e3 
By =- 
aä 
= Ai qi (5.37) 
i=1 
The flux density in an air or soft iron element is then 
B= JBx + By (5.38) 
whilst the flux density in a permanent magnet element is 
Bmag = By cos(am) + BX sin(am) (5.39) 
5.7 Representation Of The B/H Curves 
In field calculations, it is essential to represent the 
magnetic behaviour of all materials by suitable functions 
relating B and H. The B/H characteristics can be modelled by 
analytic functions 
(46-50) 
or by'discrete points, with inter- 
polation techniques(45'. Analytic functions are preferred since 
they do not introduce any discontinuity in the gradient of the 
characteristic. 
The original stator laminations were stamped from Losil 800, 
an unorientated 1.6% silicon steel having a-thickness of 0.5mm. 
The magnetisation curve for Losil 800 is shown in Fig. 5.4. 
Transil 335, an unorientated 2.6%-silicon steel with a thickness 
of 0.35mm was considered as an alternative material for reducing 
eddy current losses in the stator. Transil 335 has a higher 
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resistivity and available laminations were thinner than those of 
Losil 800. An investigation of alternative stator-laminations 
is described in Appendix C. The magnetisation curve of Transil 
335 is also shown in Fig. 5.4 together with that of mild steel 
which was used on some of the rotors to be considered. 
During the magnetisation calculation, described in 
section 5.11.1, the magnetisation curve of the permanent magnet 
material must also be defined. Fig. 5.5 shows the magnetisation 
curves for 35% Cobalt and Alnico(N). The magnetisation 
calculations of rare earth magnets are not considered as they 
are assumed to be fully magnetised in a specified direction. 
Of the various mathematical functions 
(46-50) 
which can be 
used to represent the magnetisation curves shown in Figs. 5.4 and 
5,5, it has been found that the most suitable function is 
B= poH + sltan la1H + s2tan la2H (5.40) 
where the coefficients s1, s2, ai and, a2 depend on the particular 
material. The coefficients have been determined by a least 
squares fit technique 
(37) 
using a routine which is available in 
the University of Sheffield ICL 1906S computer. Figs. 5.4 and 
5.5 show that whilst equation (5.40) is an excellent fit to the 
magnetisation curve of the soft iron materials, it is only 
accurate for highly saturated permanent magnet materials. It 
, will be seen from Fig. 5.5 that by including an extra term 
(47) 
S3He a3H, into equation (5.40), improved accuracy at low flux 
densities can be achieved. However, such a refinement is 
unnecessary in the study since the magnets are to be magnetised 
to saturation. 
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After magnetisation the magnet has to be air-stabilised. 
The magnet then operates on its demagnetisation curve. Fig. 5.6 
shows the demagnetisation curves for the metallic. magnets, 
while Fig. 5.7 shows the demagnetisation curves for the rare- 
earth magnets. A suitable function to represent these curves 
is (2) 
. H 
H. 
c 
(s 
r -B 
) 
= 
) 
(5.41) 
B (1+aH+ß132 
H -2H 
where acm BH 
mm 
HB -B H mrme 
B2HB 
mmr 
BM is the flux density at (BH) max 
Hm is the magnetic field. strength at (BH)max 
Br is the remanence flux density 
He -is the coercivity magnetic field strength 
(BH) 
max 
is the maximum energy product of the material 
Figs. 5.6 and 5.7 show that the accuracy of the curve fit 
is high for both metallic and rare-earth magnets. 
After air-stabilisation, the rotor is inserted into the 
stator and the magnet then operates on a recoil line as shown 
in Fig. 4. l. The equation of a recoil line takes the form, 
H= 
B-B 
stab +H 
"Op stab 
(5.42) 
recoil 
where Bstab and II stab 
identify the air-stabilisation point on 
the demagnetisation curve, and B and H represent the working 
point of the magnet. 
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5.8 Implem'entat'ion' Of' The Fin'ite' Element' Method 
The major advantages of the finite element method over 
the standard design method described in section 4.1 lie mainly 
in the ability to account for leakage flux in complex configur- 
ations of magnetic circuit and to allow . 
different parts of 
the magnet to operate at different flux density levels. The 
results of the finite element calculation are used to calculate 
the parameters K and L, and the saliency torque. 
Computer programs have been developed to implement the 
variational formulation of equation (5.13). The set of non- 
linear equations developed in section 5.4 have been solved 
iteratively by Gaussian Elimination, a direct method of solving 
a banded matrix as described in section 5.6.1. From initial 
estimates of the flux density B and permeability u, the finite 
element equations are solved to determine the nodal vector 
potentials. With known vector potentials the iterative calcul- 
ation is repeated for updated values of B and u and the process 
continued until the variations in all the nodal vector potentials 
between successive iterative cycles, 8A, is less than 0.05%. 
Using equation (5.38), the maximum error in calculating the flux 
density in any element is 
2. SA. 3 
2+2. 
SA. 3 
= 6. SA = 0.3% 
However the overall accuracy of the solution depends very 
much on the size of the mesh. 
To reduce the possibility of instability in the iterative 
calculation, when the solution would begin to oscillate, and to 
guarantee convergence to a solution, the permeabilities are 
II 
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under-relaxed by a factor w. The under-relaxed permeability is 
given by 
ui = 
ui +w dui +1 _ui ) 
where ui is the permeability after m iterations 
m+l Ili is the updated permeability 
(5.43) 
An under-relaxation factor is also applied to the change 
in B, hence M. between successive iterations. As w decreases, 
the number of iterations rises, but if w is too large the 
calculation becomes oscillatory. The rate of convergence 
depends on the factor w, initial estimates of the magnetic flux 
density and the problem configuration. Due to lack of time, no 
attempt has been made to optimise the under-relaxation factor. 
Calculations confirm that 'safe' under-relaxation factors 
(lie 
within the range 0.1 to 0.25, as suggested by Binns36). 
The rate of convergence of the calculation also depends on the 
initial estimate of the flux density in the permanent magnet. 
For the air-stabilisation calculation, when the final flux density 
is expected to be low the initial flux density has been varied 
between O. 1Bm and O. 7Bm. For recoil operation calculation, when 
the flux density is expected to be higher because of the presence 
of stator iron, a first estimate between Bm and 0.9Bm has been 
used. 
During the air-stabilisation and recoil operations, all 
parts of the magnet are initially assumed to operate at. the same 
estimated working flux density so that the equivalent current 
distribution (im) becomes merely a current sheet at the surface 
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of the magnet. As the iterative calculation proceeds, the 
equivalent current density of each magnet element is redistrib- 
uted over the magnet depending upon the non-uniformity of the 
flux density distribution within the magnet. 
Field calculations under load conditions have not been 
considered because section 3.6 has shown that with known K, L, 
R, I and RL the electrical torque developed can be predicted. 
5.9 Data Preparation For The Finite Element Method 
The application of the finite element technique requires 
a large amount of data preparation. The input data required to 
execute the calculation includes nodal coordinates, element nodes, 
material properties and boundary conditions. A large proportion 
of this data can be generated automatically, reducing both 
labour and the likelihood of data errors. 
5.9.1 Mesh generation 
A commercially available discretisation program has been 
used to generate all the mesh data automatically from a much 
smaller amount of data needed to define the problem. The program 
is available on the University of Sheffield ICL 1906S computer, 
and is known as 'Program for Automatic Finite Element 
Calculations' or PAFEC(61). In order to use this mesh generation 
facility each problem has to be subdivided into trapezoidal or 
triangular blocks, as shown in Fig. 5.8. The vertex coordinates 
of each block are specified together with an integer number 
which represents the material of that block. The mesh density 
in each block can be varied. Fine meshes are used in regions 
in which the gradient of the field is expected to vary rapidly 
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in space. Coarser meshes are used if field variations are 
expected to be fairly uniform. Obviously if the mesh is too 
coarse, it will affect the accuracy of the calculation since 
the finite element calculation assumes a linear variation of A 
between nodes, and a constant flux density within each element. 
Fig. 5.9 shows two finite element meshes generated using 
PAFEC. The node numbering sequence in each mesh is not optimised 
with respect to matrix bandwidth and thus produces an 
unacceptably high bandwidth. As it stands such data would be 
very inefficient if used with the direct methods of solution 
described in section 5.6.1 even if sparsity of the matrix was 
exploited. 
5.9.2 Bandwidth minimisation 
The bandwidth of a mätrix equation is defined as the 
difference between the highest and lowest equation numbers to 
which that equation is coupled. Since a direct method is used 
to solve the finite element equations, the bandwidth is critical 
in determining the computer storage requirement because only the 
banded coefficients (both zero and non-zero) about the leading 
diagonal are stored. Therefore the bandwidth of the matrix [S] 
must be minimised for high computing efficiency. 
In the discretized field region, the maximum bandwidth of 
the finite element equations is determined by the maximum 
difference between connected nodes. Thus the node numbering is 
a very important consideration in solving the field problem. 
The node numbering in the mesh generated by PAFEC, although 
systematic, does not minimise the bandwidth of the coefficient 
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matrix [SD. To optimise the nodal numbering, a method developed 
by Cuthill-McKee 
(62-63) has been used to renumber the nodes. 
For example, the initial bandwidth of the mesh, shown in Fig. 
5-. 9a, generated by PAFEC is 190, but after using the Cuthill- 
McKee algorithm the bandwidth is reduced to 25. 
When periodic boundary conditions are to be imposed, 
additional elements are added temporarily to the mesh system, 
generated by PAFEC. These elements link the nodes at the periodic 
boundaries so that the bandwidth minimisation scheme can account 
for the subsequent coupling of those nodes when the periodic 
boundary conditions are incorporated into the finite element 
equations. Fig. 5.10 shows a typical-finite element mesh. system 
and the additional elements which link the periodic nodes. Once 
the bandwidth has been minimised the added elements are removed. 
The bandwidth of Fig. 5.10 mesh after PAFEC is 310, but after 
being optimised it reduces to 34. 
5.9.3 General sequence of using finite element programs 
After optimising the node numbering of the mesh so as to 
minimise the bandwidth of the matrix I5,, additional data is 
required to completely specify the problem. The finite element 
programs require the following additional data :- 
i) The node numbers at which Dirichlet boundary conditions 
are specified, i. e. A is specified. 
ii) The node numbers at which Neumann boundary conditions 
are specified, i. e. 
än is specified. 
iii) The coefficients of equations (5.40) and (5.41) which 
define the B/11 characteristics of the soft 'iron and 
permanent magnet materials. 
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iv) The element numbers in which a specified conduction 
current of density J is to be imposed. 
v) The maximum number of iterations to be performed. 
- Fig. 5.11 summarises the sequence by which the final data 
file is obtained. 
As described in section 5.4, each finite element mesh 
within the permanent magnet material is characterised by a pre- 
ferred direction of magnetisation am, a known demagnetisation 
curve, an air-stabilisation flux density Bstab' a recoil 
characteristic and a working flux density B. The characteristics 
am, Bstab and B have to be calculated in three stages, which 
correspond to the magnetisation, air-stabilisation and recoil 
operation calculations. 
Fig. 5.12 shows the flow chart for the magnetisation 
calculation which is used to generate am in each magnet element 
for the metallic magnets. The air-stabilisation calculation, 
summarised in Fig. 5.13, is used to establish Bstab whilst the 
recoil operation calculation summarised in Fig. 5.14 calculates 
the working flux density B. The calculation of L, and saliency 
torque, uses data generated in the recoil calculation, as shown 
in Fig. 5.14. 
All the computer programs and data are stored in disc 
files and the programs are run on the University of Sheffield 
ICL 1906S computer. The general organization of the programming 
sequence is shown in Fig. 5.15. 
5.10 'Calculation Of' Peak Flux Linkage K 
The determination of the parameter K requires three stages 
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in the field calculation. These correspond to initial magnet- 
isation, air-stabilisation and recoil operation. The parameter 
K is obtained directly from the recoil operation calculation. 
5.10.1 'Initial' magnetisation of metallic permanent 
magnet rotors 
Since the information about the actual design of the 
magnetiser is not available, the following assumptions have been 
made :- 
i) The material and geometry of the magnetiser are identical 
to those of the original stator, as shown in Fig. 1.2. 
ii) The magnetising winding is identical to the existing 
stator winding. 
iii) The rotor and stator poles are aligned in the position of 
maximum stator flux linkage, as shown in Fig. 4.10. 
The magnetisation process is simulated by assuming a very 
high current passes through the stator winding to establish, if 
possible, an average magnetic field strength in the permanent 
magnet material of about five times that of coercive force of 
(5,7,51) 
the magnet. At the end of the magnetisation calculation, every 
finite element within the permanent magnet is scanned to ensure 
that it is completely magnetised to saturation. If the magnet 
has not been completely magnetised to saturation the calculation 
can be repeated with a higher magnetising current. Thus it can 
be seen that the magnetisation finite element program is a very 
useful aid to magnet manufacturers because it can be used for 
assessing the design of new magnetisers. However, such assess- 
ments are beyond the scope of this thesis. 
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Incomplete magnetisation of the magnet, which has been 
discussed in section 4.3, could have been taken into account in 
subsequent calculations if more data on minor B/H curves were 
4vailable from the magnet manufacturer. 
The magnetisation calculation gives the flux density 
components BX and By in each element in the magnet, as_shown in 
Fig. 5.16. For isotropic magnetic materials, this information 
is used to calculate the direction of magnetisation am in each 
finite element within the magnet. The direction is calculated 
from 
am = tan 1(BX/By) (5.44) 
In complex rotor geometries am will vary from element to element. 
For anisotropic metallic magnets, like Alcomax IV, the direction 
of magnetisation am is assumed to be that specified by the 
manufacturer. 
5.10.2 Air-stabilisation calculation 
After the magnetisation stage the permanent magnet rotor 
has to be air-stabilised as discussed in section 4.1. This is 
done by removing the rotor from the magnetiser. The magnet now 
operates on the demagnetisation curve. Each mägnet element is 
then assumed to have its demagnetisation curve acting only in 
the direction of magnetisation am. The component of magnetisation 
normal to am is neglected and its B/H value is assumed to be uo. 
The air-stabilisation calculation gives the air- 
stabilisation flux density Bstab for every magnet element. 
This value of Bstab is then used in the recoil operation calcul- 
ation so as to determine the working flux density of the element. 
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The importance of the air-stabilisation calculation is that in 
a complex rotor geometry the flux density varies throughout the 
magnet. Because of their non-linear demagnetisation curves, 
this variation in Bstab greatly affects the subsequent recoil 
operation of metallic magnets. 
5.10.3 Recoil operation calculation 
The rotor is reinserted into the stator for the recoil 
operation calculation. For the calculation of K, the stator 
winding is open-circuited and the rotor poles are aligned to the 
stator poles at the position of maximum stator flux linkage as 
shown in Fig. 4. lO. 
During the recoil operation different elements of the 
magnet operate on recoil lines which depend on the air-stabilis- 
ation points, as described in section 4.1. These recoil lines 
have gradients of poprecoil where urecoil is the recoil permea- 
bility of the material. Parker and Studders(5) have shown that 
the recoil permeability can vary with the air-stabilisation 
point on the demagnetisation curve. This variation of urecoil 
can be incorporated into the field calculation by making 
urecoil a function of the air-stabilisation flux density Bstab* 
However, since the variation of urecoil has not been explored by 
the magnet manufacturers, the. recoil permeability is assumed to 
be constant. 
As in the preceeding calculations, the recoil operation 
calculation gives the vector potential A at every node in the 
finite element mesh. In a two-dimensional planar problem, the 
vector potential function has the property of a flux function. 
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Thus the average flux in the stator pole shown in Fig. 5.17 is 
simply. given by 
where t 
A. 
7 
k 
k 
12A. 
t J. _1. .ý 
k 
is the axial length of the stator 
is the vector potential at node j 
(5.45) 
is the number of nodes on the parallel sides of the 
main stator pole, as shown in Fig. 5.17 
Thus the stator flux linkage is obtained from 
K= N2pý 
5.11 Calculation Of Stator Winding Inductance L 
(5.46) 
For any salient pole generator, the stator inductance 
varies with rotor position because of changes in the permeability 
distribution. However, since the effective permeability of 
permanent magnet materials is relatively low, the stator winding 
inductance can be assumed to be constant. Tests described in 
chapter 3 have confirmed that this assumption is justified when 
predicting the electrical performance of the generator. 
The stator inductance is defined as 
L=2pNi (5.47) 
As shown in, section 4.4, equation (5.47) is difficult to 
apply if the flux paths are not well defined. 
Erdelyi (38) has shown that the winding inductance of 
large alternators can be calculated at any load condition by 
using the permeability distribution, which is calculated for 
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that load condition and by assuming linearised behaviour for 
the inductance calculation. In the present work this linear- 
isation is equivalent to assuming that the permeability in each 
finite element mesh is constant at the value calculated in the 
recoil operation. Thus by passing a current I-though the stator 
winding, a further field calculation enables the inductance of 
the stator winding to be calculated. In discretized form, the 
inductance can be expressed as 
kk 
12A 
L= 2p 2p Nt 
j=1 
kICk 
where AI is the average vector potential in element j 
k is the number of elements covered by the stator 
winding as shown in Fig. 5.18. 
The inductance calculated by equation (5.48) is the 
(5.48) 
component contributed by the winding in the active length of the 
machine. A further inductance component due to the end-windings 
must be added. The calculation of end-winding inductance would 
require a three-dimensional field analysis as the end flux, 
shown in Fig. 4.23, involves a three-dimensional flux pattern 
with complex boundaries. Tests described in section 4.4 have 
shown that the end-winding inductance can be assumed to be a 
constant of 40pH. Thus it is added into equation (5.48) for 
the calculation of the total stator inductance. 
5.12 'Saliency Torque Calculation 
At starting, the torque of the selected air-turbine has 
to overcome the saliency torque of the generator. The saliency 
(65) 
torque is determined from Maxwell's stress tensors, as discussed 
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in section 4.5. An alternative to Maxwell's stress is to employ 
a technique which calculates the change in stored energy with 
(rotor 
position 
64ý. However with*the limited time available 
this technique was not examined. 
The total force on the rotor is obtained by integrating 
the magnetic stresses on a surface which completely encloses the 
rotor. By applying a tangential stress calculation across the 
airgap path at radius r in Fig. 5.19, the total torque derived 
in equation (4.43) is expressed as 
T=r2 
PO 
7r/P 
BnBt d6 
ll0 
(5.49) 
In discretized form, the torque is given as, 
2 2Pt T=r 
uo , 
Bra Be. 60. 
where p is the number of pole pairs 
t is the axial length of the generator 
Bej is the radial flux density at element j 
Brj is the tangential flux density at element j 
60. is the subtended angle of element j from the 
centre of the generator 
(5.50) 
i is the number of elements in the integration path 
shown in Fig. 5.19. 
The results from the recoil operation calculation give 
the flux density components Bx and By in every element. By 
transforming BXj and Byj of element j into their cylindrical 
components, the tangential flux density is given as 
I 
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B0i = BXj cos6 + Byi sine (5.51) 
and the radial flux density is 
Bra = -BXýsinO +-Byicoso (5.52) 
Using equation (5.50), the total torque is calculated by 
summing the torque contribution of each element in the integration 
path in the airgap path (Fig. 5.19). 
To determine the maximum saliency torque, the torque has 
to be calculated at various degrees of misalignment between the 
stator and rotor poles. To ease the computation, calculations 
are performed by moving the stator core relative to the rotor. 
Thus the rotor mesh, and hence all the Bstab and am data, remains 
unchanged. Changing the rotor mesh would have necessitated 
fresh magnetisation and air-stabilisation calculations to provide 
data for the recoil operation calculation. 
CHAPTER 6 
INVESTIGATIONS OF VARIOUS* GENERATOR*DESIGNS 
6.1 Introduction 
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Using the standard design methods described in chapter 4, 
the parameters K and L can be-calculated only with limited 
accuracy, and there is difficulty in calculating saliency 
torque which is an important parameter for starting purposes, 
as discussed in section 2.4. Thus the finite element method 
described in chapter 5 is used as an alternative to the standard 
design methods for the calculation of K, L and saliency torque. 
This method offers great advantages because it can account for 
leakage flux, complex configurations of the magnetic circuit, 
directional properties of the magnet and difficulties due to 
different parts of the magnet operating at different flux 
density levels. - 
Initially the finite element method was used to model the 
test generators described in chapters 3 and 4 so that the 
accuracy of the method could be established. The next stage was 
then to consider the design of a 25OW generator. Obviously the 
number of possible design changes is very large. Bearing in 
mind the design specifications outlined in section 1.3, design 
changes are restricted to those which have the same frame size 
as the present generator. The possibility of using a three- 
phase winding instead of a single-phase winding is discussed 
in Appendix D. However, after consultation with the lamp 
manufacturer this design was rejected because of higher production 
costs. Bearing in mind these economic considerations the 
r 
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following design changes were investigated, 
i)* The effects of changing rotor designs and magnetic 
materials. 
. ii) The effects of using tangentially magnetised magnets. 
iii) The effects of changing the number of poles. 
Since changes in rotor designs affect both K and .L it is 
more useful to judge their combined effect on the peak torque 
max = PK2/4L) when considering new designs. Using the measured 
K and L values from Tables 3.1 and 3.2, the Tmax of the existing 
55W Cobalt generator is 0.119Nm. Referring to the design 
strategy discussed in chapter 2, the Tmax of the 250W generator 
should be at least 0.119 x 250/55 = 0.54Nm. 
After selecting a rotor design which gives the required 
Tmax' the maximum saliency torque produced by the generator must 
be determined. Since the rotor and stator are complex in 
geometry, the variation in saliency torque has to be calculated 
at intervals over one pole pitch in order to establish its 
maximum value. 
The overall design approach for the 250W generator is 
summarized in the flow chart given in Fig. 6.1.. Fig. 6.2 shows 
some of the rotor geometries which are examined in this chapter. 
6.2*'Verification Of Measured Parameters'K and L 
Initial studies were carried out on generators having 
(a) Cobalt rotors with 0.5mm, 0.75mm and 1. Omm working airgaps 
(b) an Alnico (N) rotor with a 0.5mm working airgap and 
(c) on an Alnico (H. Br) rotor with a 0.25nun working airgap. 
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6.2.1 *Existing 55W Cobalt design 
A finite element mesh was generated so as to allow the 
existing Cobalt generator having a 0.5mm working airgap to be 
modelled. The generated mesh shown in Fig. 6.3 has 251 nodes 
and 439 elements. The magnetic property of each element was 
defined as that of air, soft iron, or permanent magnet by 
assigning the appropriate material number to that element. The 
same mesh was used for the magnetisation, air-stabilisation, 
recoil operation and inductance calculations so that the magnetic 
characteristics and intermediate calculated results of each 
element could be maintained and be transferred between disc files. 
As discussed in section 5.10.1, the magnetisation calcul- 
ation of the Cobalt rotor is used to determine the preferred 
direction of magnetisation am in each magnet element. Fig. 6.4(a) 
shows the calculated flux pattern during magnetisation and Fig. 
6.4(b) shows the relative magnitude and direction of the flux 
density in each finite element mesh. The direction of flux 
density in the magnet element represents the am of that element. 
Fig. 6.4(b) shows that am varies throughout the magnet. 
After magnetisation the rotor was removed from the stator 
and air-stabilised, as shown in Fig. 6.5. This was achieved by 
altering the material number of the soft iron stator to that of 
air. With the rotor air-stabilised, various parts of the magnet 
operate at different flux density levels on the demagnetisation 
curve. Fig. 6.5(a) shows the calculated flux pattern during 
air-stabilisation while Fig. 6.5. (b) shows the corresponding flux 
density distribution. A contour line ABC is drawn in Fig. 6.5(b) 
and the flux density distribution along the contour during air- 
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stabilisation is plotted in Fig. 6.6. Assuming that the contour 
ABC represents the mid-axial length of the rotor, Hall probe 
measurements from Table 4.1 are included in Fig. 6.6 for 
comparison purposes and show reasonable agreement with the 
calculated values. 
By re-inserting the rotor into the stator core, for the 
recoil operation calculation, different parts of the magnet 
recoiled to a range of working points. The stator was not 
saturated and there was a high, though variable, permeability 
distribution throughout the stator. The calculated flux pattern 
and flux density distribution during the recoil operation are 
shown in Fig. 6.7. The calculated K given in Table 6.1 shows 
good agreement with the measured value obtained from Table 3.1. 
The flux density distribution along the contour line ABC in 
Fig. 6.7(b) for the recoil operation is compared with its Hall 
probe measurements, from Table 4.1, in Fig. 6.6 and again shows 
reasonable agreement. 
As discussed in section 5: 11, the calculation of inductance 
assumes the same permeability distribution as that calculated for 
the recoil operation. The flux lines and flux density distri- 
bution during the inductance calculation are shown in Fig. 6.8. 
It can be seen that the flux lines in Fig. 6.8 differ from those 
during magnetisation (Fig. 6.4) because stator and rotor materials 
are no longer saturated, and obviously the permeability distri- 
bution is different. As shown in Table 6.1 the calculated 
inductance compares well with its measured value reproduced 
from Table 3.2. 
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To confirm that the inductance was almost constant and 
independent of rotor position a calculation was made with the 
rotor pole aligned with the stator interpole. In this position, 
the expected stator flux linkage was almost zero (40pWb as 
compared to 6.2lmWb previously). The new permeability distri- 
bution for this position gave'a calculated inductance of 260UH 
which, as shown in Table 6.1, is close to its measured value and 
differs by only 5iH from the inductance when the stator and rotor 
poles are aligned. The corresponding flux density distributions 
and modified boundary conditions for these calculations are 
shown in Fig. 6.9. 
The comparisons of the calculated and measured K and L in 
Table 6.1 show that the finite element method can predict these 
two important parameters of the existing Cobalt design with much 
greater accuracy than the standard design methods, bearing in 
mind the three-dimensional effects, rotor sample variations, 
pole sample variations and the uncertain behaviour of magnets 
in directions normal to the initial direction of magnetisation 
am. 
6.2.2 Effects of changing working airgaps''in the'Cobalt 
generators 
The finite element method was next used to model Cobalt 
generators having different working airgaps of 0.25mm, 0.75mm 
and 1.0mm. The magnetisation and-air-stabilisation calculation 
stages were omitted because the values of am and B stab. 
in 
each magnet element were those values calculated previously. 
The changes in airgap on the mesh were achieved by shifting 
those nodes at the inner bore of the stator. 
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The recoil operation and inductance calculations were 
undertaken for the different airgap values. The variation of 
K and L with airgap length is plotted in Fig. 6.10. Measured 
K and L from Tables 4.3 and 4.8 are also included in the figure 
for comparison purposes. Again the results show very close 
agreement. Tests on a 0.25mm airgap Cobalt generator could not 
be undertaken as this would require a new lamination stamping 
tool for the manufacture of a smaller airgap stator. However 
with such good agreement for the other three cases, close 
agreement was also expected for the 0.25mm airgap generator. 
The corresponding Tmax values are shown in Fig. 6.10(c). Clearly 
an improvement of 17% in Tmax is possible if the airgap of the 
existing generator is reduced to 0.25mm but this will be at 
the expense of closer manufacturing tolerances. It must be 
emphasised that decreasing the airgap may not always result in 
a higher Tmax since an increased K may be offset by a more rapid 
increase in L. 
6.2.3 Alnico (N) rotor 
The Alnico (N) rotor had the same dimensions as the 
existing Cobalt rotor and hence the same mesh was used in the 
model. The magnetisation, air-stabilisation, recoil operation 
and inductance calculations were undertaken using the appropriate 
magnetising and demagnetisation characteristics of Alnico (N). 
The flux density distributions during the air-stabilisation and 
recoil operation are shown in Fig. 6.11. A contour line ABC is 
drawn in Fig. 6.11, and the flux. density distributions along the 
contour for the two cases are shown in Fig. 6.12. Hall probe 
measurements on the selected typical rotor pole are also included 
111. 
in Fig. 6.12. In Table 6.1, the calculated K and L values show 
good agreement with the corresponding measured values. 
6.2.4 Alnico (H. Br) rotor 
- The Alnico (H. Br) rotor had a slightly larger outer 
diameter to achieve a working airgap of 0.25mm. To model this 
rotor the mesh shown in Fig. 6.3 was slightly modified by shifting 
those nodes at the outer diameter of the rotor to obtain the 
smaller working airgap. The magnetisation, air-stabilisation, 
recoil operation and inductance calculations were undertaken 
using the appropriate characteristics of Alnico (H. Br). Fig. 
6.13 shows the flux density distributions during the air- 
stabilisation and recoil operation calculations. Fig. 6.14 
compares the calculated and measured flux density distributions 
along the contour line ABC drawn in Fig. 6.13. 
Again good agreement between predicted and measured K and 
L values has been achieved as shown in Table 6.1. 
6.3 Designing The 250W Generator 
Section 6.2 has shown that the 
capable of calculating the important 
with sufficient accuracy. This desi, 
to examine various new rotor designs 
materials and geometries, as well as 
numbers. 
finite 
design 
gn meths 
having 
rotors 
element method is 
parameters K and L 
Dd was therefore used 
different magnet 
with different pole 
With slight modifications, the mesh shown in Fig. 6.3 was 
used for many of the new designs. The mesh was adapted for a 
particular design by moving the coordinates of the appropriate 
nodes to fit the boundaries of the stator and rotor, and by 
112. 
altering the material number assigned to the elements to 
represent air, soft iron or permanent magnet. The same mesh 
was used for the magnetisation, air-stabilisation, recoil 
operation and inductance calculations so that the characteristics 
of each element could be maintained and be transferred between 
computer programs. However in some designs, a new mesh had to 
be used to minimise mesh errors due to badly formed triangular 
elements. 
6.3.1 Alcomax IV rotor 
A rotor construction shown in Fig. 6.2'B' with blocks of 
anis9tropic Alcomax IV(16) magnets was suggested and manufactured 
in the early development stages of the 250W design. The magnets 
were mounted on a mild steel hub and had 'U' shaped, pole shoes 
as shown in Fig. 6.15. Initially it was thought that the use of 
mild steel pole shoes would be an advantage because they would 
cause the magnets to air-stabilise at higher working flux 
densities and also minimise the demagnetisation effect of the 
external stator field. However,. as shown later in this section, 
the use of such pole shoes leads to difficulties. 
The magnetisation, air-stabilisation, recoil operation and 
inductance calculations were carried out using the B/II curve of 
mild steel for the pole shoes and centre hub, Losil 800 for the 
stator and Alcomax IV for the magnet. Flux density plots for 
the various calculation stages are shown in Fig. 6.15. During 
the magnetisation process, it can be seen in Fig. 6.15(a) that 
this rotor design has the disadvantage of diverting flux away 
from the magnet through the pole shoes. The calculated K and L 
values are compared with the measured values in Table 6.1 and 
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the results show good agreement considering the complexity of 
this design. The flux density distributions along the contour 
line ABC in Figs. 6.15(b) and 6.15(c) are plotted in Fig. 6.16. 
and Hall probe measurements included in the same figure show 
reasonable agreement. Fig. 6.16 shows that the flux density along 
contour BC is lower during recoil operation than during air- 
stabilisation because during recoil operation, the reluctance of 
the stator is low and it affects the 'leakage' flux density along 
the contour BC. 
Table 6.1 shows that the calculated Tmax of this rotor 
is only 0.205Nm. Thus it can be seen that the use of the soft 
iron pole shoes is a disadvantage because they give rise to a 
high inductance which offsets the advantage of the higher K value 
achieved. 
Calculations suggest that by reducing the size of the pole 
shoes as shown in Fig. 6.17, the K and L values can be modified 
giving an increase of Tmax to 0.383Nm. Clearly this construction 
could therefore be improved but the high cost of production makes 
it an impractical alternative. 
6.3.2 Tangentially magnetised Alcomax IV rotor 
The finite element method was used to study rotors with 
tangentially magnetised magnets. The magnet blocks are mounted 
on a soft iron hub in a tangential position, as shown in Fig. 
6.18. To achieve the highest possible air-stabilised operation 
the magnets should be magnetised within the rotor iron structure. 
The corresponding flux density plots are shown in Fig. 6.18. 
From these figures, it can be seen that the soft iron core shunts 
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the magnets during magnetisation and effectively short circuits 
the magnet during recoil operation, thus giving little flux 
across the airgap. 
To overcome this flux diversion problem the central core 
of the rotor can be made non-magnetic as shown in Fig. 6.19, 
leaving just small soft iron pole pieces between the magnets. 
The flux density plots for this design are shown in Fig. 6.19. 
By comparing Figs. 6.18 and 6.19 it can be seen that the modified 
rotor design (Fig. 6.19) is an improvement because, during recoil 
operation, the majority of the magnet flux nodes flow across the 
airgap to the stator pole. This design was not pursued due to 
the complex structure now required for a non-magnetic hub. 
6.3.3 Supermagloy 16 rotor 
As discussed in section 4.15, magnets with almost linear 
demagnetisation curves, such as Supermagloy 16(19), have very 
stable magnetic properties and they are less likely to be de- 
magnetised compared to metallic magnets if they are mishandled. 
Obviously this stable characteristic has a significant commercial 
advantage because the permanent magnet rotor can be removed from 
the lamp unit without any extra precaution during normal 
servicing. Recognising the need to keep down the inductance L, 
and on the advice of the magnet manufacturer, a rotor having a 
non-magnetic centre hub was constructed. Due to the high cost 
of Supermagloy 16 and the difficulty of machining curved faces 
on the material an initial trial rotor was constructed as shown 
in Fig. 6.2'C'. 
Since the magnets were magnetised before mounting on the 
hub, the magnetisation calculation was omitted and am of every 
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magnet element was assumed to be parallel to the X axis in Fig. 
6.20. . Fig. 6.20 shows the flux plots during the air-stabilisation 
and recoil operation calculations. Normally each magnet piece 
would be air-stabilised in isolation. However, as stated in 
section 4.1.5, the air-stabilisation point would not affect the 
recoil working point significantly because the demagnetisation 
curve of the magnet is almost linear. The calculated K and L 
values are compared with the measured values in Table 6.1. The 
results of L show good agreement, however the measured K is 30% 
higher than the calculated value. Thus further studies were 
undertaken in an attempt to understand the likely mechanism 
which caused the differences in the K values. 
During air-stabilisation, the flux density at the centre 
of each magnet pole face, shown as location A in Fig. 6.21, was 
measured with a Hall probe. The results showed that the flux 
density varied between 70mT and 50mT from pole to pole and the 
average value was 58mT. Such large variations in flux density 
were not expected because the air-stabilisation permeance line 
for each magnet was the same. This variation could be caused 
by variation in the Supermagloy 16 material due to manufacturing 
tolerances. The calculated flux density at location A was 41mT 
which was 70% lower than the measured average value. To correct 
for this higher measured value, the calculation of K was` 
repeated for the case when Bstab of each magnet element was 
modified to 1.4 Bstab and the result showed that the increase 
in K was only 1.6%. This small increase in K was expected 
because the recoil line of Supermagloy 16 is almost coincident 
to the demagnetisation curve. 
116. 
With the rotor inserted into the stator, the flux produced 
by the, magnet was assumed to consist of five components, ýA, 
ýB' ýC' ýD and ýE as shown in Fig. 6.22. Hall probe measurements 
showed that the flux densities at locations D and E (Fig. 6.22) 
were 20mT and 40mT respectively. Using the measured K value, 
the 'measured' flux density in the stator pole was calculated 
as 130mT. By comparing this 'measured' value with the leakage 
values at locations D and E, it would seem that, with such short 
magnet lengths, there was significant leakage fluxes ýD and ýE. 
But this could not have accounted for the difference between the 
measured and calculated K as the measured K was higher than the 
calculated value. 
Hall probe measurement at location B in Fig. 6.21 showed 
that the flux density during air-stabilisation was l5mT while 
during recoil operation, it was 20mT. This result confirmed 
that end-flux ýB (Fig. 6.22) at the end of the machine was 
significant for such a rotor design. With fringing fields, the 
reluctance. path seen by the magnet will be lower than that 
calculated with the two-dimensional model. Thus, assuming that 
the two-dimensional air-stabilisation and working permeance lines 
are shown as lines OA and OC respectively in Fig. 6.23, then for 
the three-dimensional case they would be shifted to lines OB 
and OD say, so it can be seen from Fig. 6.23 that the fringing 
field at the ends of the machine would cause the magnet to' 
actually operate at a higher working flux density than that 
calculated in the two-dimensional finite element program. This 
higher working flux density could explain why the measured air- 
stabilisation flux density and K value were higher than the 
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corresponding calculated values. The only way to confirm this 
difference between the measured and calculated values would be 
to develop a three-dimensional finite element program to model 
this rotor. However, as stated in chapter 5, the development 
of a three-dimensional finite element program is beyond the 
scope of this project. 
Using the measured results of K and L in Table 6.1, the 
Tmax was calculated as 0. O57Nm. Obviously this rotor design 
was very poor in performance as there was high leakage flux and 
insufficient magnet mmf with such a thin slab of Supermagloy 16. 
Thus further study with more rare-earth magnet material was 
necessary, so that a rotor with such materials could be properly 
assessed. 
6.3.4 Rotors with rare earth magnets mounted on a 
non-magnetic hub 
Due to the high cost of the Supermagloy 16 material and 
the need to use larger quantities to achieve the required K 
value, larger magnets of cheaper, lower grade Supermagloy 10(19) 
material were used. Because of the uncertainties discussed in 
the previous section the precise amount of material required 
could not be determined. The design shown in Fig. 6.24 was tried 
as a first estimate. The magnets were bonded onto mild steel 
backing plates which were bolted with brass screws onto a non- 
magnetic centre hub. If this rotor design was successful, then 
for the production version, an annular non-magnetic band would 
be used at the outer diameter of the rotor to restrain the 
magnets from flying out from the hub at high operating speeds. 
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' TABLE 6' .2 
Increasing TAX using different grades of Supermagloy in a 
1'. Omm working airgap rotor, 
Supermagloy Grade Calculated 
K (mWb) 
Calculated 
L (pH) 
. 
Calculated 
Tmax (Nm) 
Supermagloy 10 8.65 120 . 468 
Supermagloy 16 10.45 120 . 683 
Supermagloy 20 11.99 120 . 899 
TALE 6.3 
Increasing Tmax using increased radial depth of Supermagloy 10 
material with a 1.0mm working airgap rotor 
Maximum radial 
depth of magnet (mm) 
Calculated 
K (mWb) 
Calculated 
L (pH) 
Calculated 
Tmax (Nm) 
8 8.65 120 . 468 
10 10.28 120 . 660 
12 11.43 120 . 817 
14 12.58 120 . 989 
Since the magnets were magnetised before mounting onto 
the hub, the magnetisation calculation was omitted and am of 
every magnet element was assumed to be parallel to the X-axis 
in Fig. 6.24. The air-stabilisation, recoil operation and 
inductance calculations were undertaken using the B/H 
119. 
characteristics of Losil 800 for the stator, mild steel for the 
backing plate and Supermagloy 10 for the magnet. The flux plots 
during the various calculation stages are shown in Fig. 6.24. 
The calculated K and L values are shown in Table 6.1 together 
with the corresponding test results. While the L value-shows 
good agreement, the calculated K is lower than the measured value. 
This observation is similar to that found for the Supermagloy 16 
rotor discussed in the previous section. Thus flux density 
measurements with a Hall probe were carried out to examine the 
end-fringing fields and 'leakage' fields. 
During air-stabilisation the flux density at*the centre of 
each magnet pole, shown as location A in Fig. 6.25, was 
measured and the results showed that the flux density varied 
between 180mT and 230mT. The large variation in flux density 
from pole to pole was similar to that observed in the previous 
case. This again suggests that there are wide manufacturing 
tolerances in the Supermagloy materials. 
When the rotor was inserted into the stator, the flux 
produced by the magnet was again assumed to consist of five 
components ýA' ýB' ýC' ýD and ýE as shown in Fig. 6.26. Hall 
probe measurement at location E in Fig. 6.26 showed that the flux 
density was 50mT, while the flux density at location B in Fig. 
6.25 was 120mT. This measurement showed the presence of 'self- 
leakage' flux and end-fringing fields at the end of the machine. 
As explained in section 6.3.3, the end effects of the machine 
would cause the magnet to operate at a higher flux density level 
than that calculated with a two-dimensional finite element 
program. The higher operating flux density could help to explain 
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why the measured K was higher than the calculated value. 
Using the measured K and L values, the Tmax was calculated 
as 0.735 Nm and obviously the rotor design could be considered 
for the 250W generator. Saliency torque calculations were not 
attempted for this rotor as the two-dimensional finite element 
program could not account for the end-effects of the machine. 
Using the measurement technique described in Appendix A the 
maximum saliency torque for this rotor design was measured as 
O. 28Nm. This value is less than the standstill torque of any 
of the 3 nozzle turbines shown in Fig. 2.5 and would therefore 
be acceptable. 
Using the measured parameters, K, L and R and the 250W 
bulb ratings, -I and RL, in equation 3.14, the predicted 
variations of operating speed with turns factor are plotted in 
Fig. 6.27. The graph shows that with an optimum turns factor of 
n=3.37, the minimum operating speed would be 4,840 r. p. m. 
With a n=2 stator winding, the operating speed of the 
Supermagloy 10 generator was measured. The result shows good 
agreement with the predicted speed in Fig. 6.27. 
With the generator mounted on the experimental rig 
described in Appendix A and the n=2 stator winding open circuit, 
the loss-torque speed curve was measured. The result is shown 
in Fig. 6.28. Fig. 6.29 compares the measured torque. speed curve 
of the generator powering a 24V 250W bulb and the corresponding 
predicted torque speed curve plus the loss torques of Fig. 6.28. 
The results show good agreement and again verifying the analysis 
in section 3.6.1. 
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To examine the effect of using higher grade, but more 
expensive magnets in the Supermagloy(19) range, i. e. Supermagloy 
16 and 20, the calculations of K and L were repeated for these 
two materials as direct replacements for the Supermagloy 10 
material. The results are compared in Table 6.2. The increase 
in K with Supermagloy grades was as expected because of higher 
working flux densities in the magnet. The inductance L was 
constant for the different Supermagloys because the recoil 
permeability of the magnets is identical and the small 
permeability variations in the stator iron have negligible 
effect on L. The improvement in Tmax for the 16 and 20 grade 
materials is also given in Table 6.2. Since an adequate design 
was possible with the Supermagloy 10 material and due to its 
much lower cost, future designs considered only this grade of 
material 
From equation 4.5, it would seem that the K value could 
be increased by increasing the magnet radial depth. The maximum 
radial depth of the magnet shown-in Fig. 6.24 was 8mm and the 
working airgap was 1.0mm. By maintaining a constant working 
airgap of 1.0mm and increasing the maximum radial depth of the 
magnet from 8mm to 14mm in steps of 2mm, calculations of K, L 
and Tmax were undertaken and the results are shown in Table 6.3. 
Clearly with larger amounts of rare earth magnets in the rotor, 
it is possible to design generators capable of producing powers 
in excess of 250W. 
6.3.5 'Supermagloy 10 magnets on a*soft iron hub 
By remounting the Supermagloy 10 magnets used in section 
6.3.4 on a hexagonal mild steel hub, as shown in Fig. 6.2'D', the 
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reluctance path of each magnet is lowered and this increases 
the wdrking flux density and hence K. However, the final 
assessment depends on how the inductance L is affected by this 
modification. At the same time, the centre magnetic hub would 
reduce the fringing fields at the ends of the machine and 
reduce the field calculation to a more nearly two-dimensional 
problem. 
The air-stabilisation, recoil operation and inductance 
calculations were undertaken using the magnetic characteristics 
of mild steel for the centre hub, Losil 800 for the stator and 
Supermagloy 10 for the magnet. The flux plots for the three 
calculation sequence are shown in Fig. 6.30. 
The calculated K and L values are compared with the 
measured values in Table 6.1. They show good agreement, 
suggesting that the mild steel centre hub has reduced the field 
calculation to a more two-dimensional problem. This was con- 
firmed by the measurement of flux density at locations B and E 
in Fig. 6.31 when the rotor was inserted into the stator. The 
measured values of 0.2mT and 20mT respectively are much lower 
than those obtained with a non-magnetic hub. 
During air-stabilisation, the flux density at the centre 
of each magnet pole, shown as location A in Fig. 6.31, was 
measured. The results show that the flux density varies between 
310mT and 370mT from pole to pole. This variation in flux 
density was expected because the magnets used in this rotor were 
those from section 6.3.4. 
As expected the measured K value has improved significantly 
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(28%)- with the use of a magnetic hub but surprisingly, perhaps, 
the inductance has increased only by 12%. 
Using the measured values of K and L, Tmax is calculated 
as l. l5Nm which is 56% higher than that produced by the Super- 
magloy 10 rotor with a non-magnetic centre hub. When compared 
to the Cobalt rotor the improvement is dramatic giving aT max 
improvement of 866%! Clearly, this type of rotor is technically 
superior to all those proposed previously and it was considered 
that this design should present no major manufacturing difficulty. 
The possibility of using arc-shaped magnets on a cylindrical hub, 
as shown in Fig. 6.32, was briefly considered but the extra cost 
of the magnets far outweighed the cost of simpler hub construction. 
The saliency torque of the Supermagloy 10 rotor with a 
mild steel hub was calculated using the finite element method 
described in section 5.12. The results are shown in Fig. 6.33. 
Zero mechanical degrees in the figure refers to the position 
when the centre of the rotor pole is aligned to the centre of 
the stator pole while thirty mechanical degrees is the position 
when the rotor pole axis is aligned with the stator interpole 
axis. Fig. 6.34 shows flux plots at various rotor positions. 
Using the measurement technique described in Appendix A, the 
saliency torque was measured and comparison with predictions 
is made in Fig. 6.33. The double peak is due to the interpoles 
which effectively produce twelve salient poles on the stator. 
The results show reasonable agreement with tests bearing 
in mind that there would be errors in the torque calculation 
introduced by regions where the flux density varies rapidly, 
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such as the corners of the rotor poles and stator poles. 
Improved torque calculation accuracy could be achieved, if 
the mesh density was increased. But this would require the 
calculations to be repeated with a new mesh. With limited time 
available the calculations were not attempted since the maximum 
saliency torque had already been determined. 
To examine the effect of the stator interpoles, they 
were removed from the stator core, as shown in Fig. 6.35. 
Measured saliency torques with the modified stator are plotted 
in Fig. 6.33 and it can be seen that the maximum saliency torque 
has increased by 180%. This demonstrates the effectiveness of 
the stator interpoles in reducing the maximum saliency torque. 
Calculations of saliency torque for the case are also given in 
Fig. 6.33 and again they show that the calculations are adequate 
for predictions of new designs. In the figure the saliency 
torque does not reach a maximum at 150 mechanical (or 7r/4 
electrical) because the width of the slots and stator poles are 
not equal. Fig. 6.36 shows the flux plots at various rotor 
positions. 
Using the measured parameters K, L and R, and the I and 
RL for the 250W bulb, in equation 3.14, the variation of 
operating speed with turns factor is plotted in Fig. 6.37. The 
graph shows that with optimum turns factor of n=3.62 the 
minimum operating speed would be 3,600 r. p. m. The operating 
speed of the generator with an=2 stator winding was measured 
as 4,700 r. p. m. and is marked on Fig. 6.37. Clearly the agree- 
ment is quite good. 
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With the stator winding open-circuited, the loss torques 
of the generator were measured and shown in Fig. 6.38. The 
torque-speed curve of the generator, with an=2 stator winding, 
powering a 24V 250W bulb was measured. The result is shown in 
Fig. 6.39 together with the predicted torque-speed curve of the 
generator driving the non-linear bulb plus the loss torques of 
Fig. 6.38. Again the results show close agreement. 
6.3.6 Effects of changing pole numbers 
From equation 2.26, the maximum torque is given as 
K2 Tmax 4L (6.1) 
From this expression an increase in pole pairs p looks 
attractive but the final outcome depends on how K and L are 
affected by changes in p. The purpose of this investigation is 
to establish a reasonable limit to the Tmax of a single-phase 
generator having a Cobalt rotor or a Supermagloy 10 rotor, 
within the same frame size as the existing design. The geometry 
of the Cobalt rotor is similar to that shown in Fig. 6.4, whilst 
the Supermagloy 10 rotor is similar to that shown in Fig. 6.30. 
The radial dimensions of the generator are kept constant, so the 
inner and outer diameters of the stator and rotor were unchanged, 
and the airgap for the Cobalt rotor was maintained at 0.5mm 
while the airgap for the Supermagloy 10 rotor was 1.0mm. 
The mesh shown in Fig. 6.3 was modified for modelling 
generators having pole pairs between 2 and 6. This was achieved 
by altering the X and Y coordinates of the mesh to obtain the 
required pole arc. Using the coordinate system in Fig. 6.40, the 
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modified coordinates of a node for ap pole machine is given as, 
. 
cos. (6 . ). 
xp = X3 cos (. 6P) 
(. 6.2) 
and 
where 
. sih. 
C6 ) 
P Yp = Y3 sin(63) 
(6.3) 
6 =*3e3 
Pp 
03 = tan-'(Y3/X3) 
X3, Y3 are the coordinates of a node in the 
p=3 mesh, shown in Fig. 6.3. 
A different mesh shown in Fig. 6.41, had to be used to 
model generators having pole pairs between 6 and 12. This was 
to minimise errors due to badly formed triangular meshes. 
as 
From equation 4.36, the end-winding inductance is given 
Le = 2pN2 AaAa (6.4) 
Since the effective area Aa is inversely proportional to 
p, the end-winding inductance is assumed to be 40pH for the 
generators, having different pole numbers, and this component 
must be added to the total stator inductance L. 
For machines having different pole pairs p, it can be 
shown that the stator resistance is given as, 
32 
. 
3R 
p. ( S +. t) p A. R=P 
(3A) 
x R3 p(Q +t) 3= 
R3 (ß +t) 
(3 (6.5) 
(P) ss 
where Zs is the pole width of the existing stator design and 
equals 19.7run 
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t is the axial length of the stator and equals 
16 . 9mm 
R3 is the stator resistance for the p=3 generator 
and equals 88mc2 
p is resistivity of conductor. 
Fig. 6.42 shows the predicted resistance variation, with 
pole pairs using equation 6.5. 
Fig. 6.43 summarizes the organisation of the computer 
programs for the calculation of K, L and Tmax for changes in 
pole pairs p. 
It must be borne in mind that changing the pole numbers 
requires other considerations such as the cost of : 
i) producing a new casting mould if the rotor is cast 
ii) designing a new magnetiser if the rotor has to be 
magnetised after assembly 
iii) producing new stator laminations. 
In addition the lack of mechanical strength of the rotor 
poles may introduce difficulties as their width decreases. 
(a) Cobalt' rotors 
The magnetisation, air-stabilisation, recoil operation 
and inductance calculations for Cobalt generators having different 
pole numbers were undertaken in sequence. Fig. 6.44 shows the 
predicted variations of K, L and Tmax-with pole pairs p. For 
the two different meshes, the computations were duplicated to 
overlap at p=6. This was to ensure that the changes in mesh 
systems had negligible effect on K and L predictions. Fig. 6.44(a) 
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shows. that the K value reaches a maximum at p=8. At higher 
pole numbers (p > 8) the K value decreases because of higher 
leakage flux between the rotor poles as shown by an increase 
in the flux density along the contour line BC (Fig. 6.7). 
Fig. 6.45 shows the flux plots during the various 
calculation stages for generators having different pole pairs. 
In Fig. 6.44(c) Tmax reaches an upper limit of O. 18Nm at 
p=6 at which it is. 60ö higher than the existing p=3 design. 
Using the predicted K, L and R values from Figs. 44 and 42 in 
equation 2.34, the minimum operating speed of the different pole 
generators powering a 24V 250W bulb was predicted and plotted in 
Fig. 6.46. The results show that the lowest speed would be 14,000 
r. p. m. for ap=6 generator. Clearly therefore no Cobalt rotor 
could meet the desired specifications of running speed less than 
7,000 r. p. m. Even if this limit was relaxed the extra cost of 
increased pole number designs would have to be considered. Set 
against this is the apparent ease with which the Supermagloy 10 
rotor, tested in section 6.3.5, can be used to produce 250W in 
the existing stator core. 
(b) Supermagloy 10 rotors 
The air-stabilisation, recoil operation and inductance 
calculations for the Supermagloy 10 rotors having different pole 
numbers were undertaken. Fig. 6.47 shows the predicted variations 
of K, L and Tmax with p. In Fig. 6.47(c) Tmax is a maximum at 
p=4, but this is only 4% above that for the p=3 design. 
From economic considerations, obviously a 4% improvement is out- 
weighed by the cost of producing ap=4 stator. Fig. 6.48 shows 
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the flux plots during the various calculation stages for 
generators having different pole numbers. Using the predicted 
K, L and R values from Figs. 6.47 and 6.42 in equation 2.34, the 
minimum operating speed of generators having different pole 
numbers powering a 24V 250W bulb was predicted and plotted in 
Fig. 6.49. The results show that the speed for ap=4 
generator is 4,000 r. p. m. while the speed for a 'p =3 generator 
is only 4,120 r. p. m. 
6.4 Conclusion 
This. investigation has shown that the parameters K and L, 
and saliency torque, can be calculated with reasonable accuracy 
using the finite element method, provided the rotor does not 
have significant fringing fields at the ends of the machine. 
Using the Supermagloy 10 rotor tested in section 6.3.5, it is 
possible to design a 250W generator, which meets the design 
specificiations outlined in section 1.3. The use of the existing 
p=3 stator design would minimise the overall cost of the new 
generator. 
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CHAPTER 7 
OPTIMUM DESIGN OF GENERATORS 
7.1 Introduction 
Chapter 6 has considered the effect of various changes 
in rotor design on the Tmax of the generator. A number of 
alternative designs based on rotors with metallic magnets and 
machines having increased pole numbers have already been 
eliminated. At this stage of the development work the lamp 
manufacturer was able to outline more definite design speci- 
fications. It was decided to select a new turbine nozzle angle 
giving an improved turbine output power and to try and 
ascertain the best design compromise for both the 250W and 55W 
generators using, where possible, the same generator components 
in order to reduce costs. Table 7.1 summarises the specifica- 
tions for a 250W generator and a 55W generator. 
The quantities marked * in Table 7.1 have not yet been 
finalised and can all be traded against each other to some 
extent. They will all incur different initial cost and/or 
operational penalties. The investigations in this Chapter 
attempt to demonstrate how these variables are interrelated 
and establish a possible design strategy. 
Possible rotor designs for the 250W generator are 
examined in Section 7.5. Finally, for system protection, an 
electronic circuit has been designed to load the generator and 
prevent the rotor from overspeeding in the event of bulb 
failure. 
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Table 7.1 
Design variables 250W generator . 
55W generator 
Stator core As existing stator design 
* Number of turns To be decided but preferably to be the 
in stator winding same for both generators so that the 
stator winding can be standardised 
* Rotor magnet Rare-earth; actual 
material material to be 35% Cobalt 
selected 
* Rotor magnet To be determined As the existing 
geometry but based on a' design 
soft iron centre 
hub 
Airgap length 1.5mm, to give 0.5mm 
clearance for the 
use of an annular 
ring restrainer 
around the outer 
diameter of the 
rotor 
Turbine nozzles 3 type 1 at 200 1 type 1 at 200 
* Turbine pressure To be decided but To be decided but 
approximately approximately 
70 p. s. i. or less 55 p. s. i. or less' 
* Operating speed Preferably less Preferably less 
than 7,500 r. p. m. than 9,000 r. p. m. 
Bulb ratings 24V 250W 12V 55W 
Type of lamp Quartz halogen Quartz halogen 
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7.2 Matching of Generator to Operate 'at' Minimum Operating 
Speed 
Section 2.4 has shown that by matching the generator and 
load, the operating speed of the generator can be minimised by 
using the optimum turns factor nmin which is given as 
K 
nmin - 
...... IL ... (7.1) 
2 +R(IL) 2 
If the Supermagloy 10 rotor tested in Section 6.3.5 is 
used in the 25OW generator, and the generator and bulb are 
matched for nmin =3.6, then the minimum operating speed is 
3,600 r. p. m. Fig. 7.1 shows the predicted torque-speed curve 
for this design and the desired operating point A. The turbine 
curves, reprodÜced from Fig-. 2.5, are also included in Fig. 7.1 
from which it is obvious that at the air-pressure of 70 p. s. i., 
the turbine and generator are not matched. For this generator 
design an operating pressure of approximately 120 p. s. i. would 
be required. The strategy of using optimum turns factor does 
not consider the limitations imposed by the turbine. 
Consequently a different approach has to be adopted to guarantee 
a suitable matching of turbine and generator within the speci- 
fied turbine pressures and operating speeds. 
7.3 Matching of Generator to Turbine 
The turbine torque-speed curves for 3 type 1 200 nozzles, 
shown in Fig. 7.2, can be considered as a straight line of the 
form, 
Tt = T0 - C6 = DPsi - CE (7.2. ) 
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where -To is the torque at standstill, which must be greater 
than the maximum saliency torque of the selected 
generator for starting purposes 
C is the gradient of the torque-speed curves and 
equals 12.5 X10-6 
is the speed in r. p. m. and equals W 
60 
p 27T 
D is the pressure constant and equals 8.783 X10-3 
psi is the air pressure in p. s. i. 
The power produced by the turbine is given as 
PT = Tt p= (To -C-2) 2Tr 
P 
T2T2 
(p 3ýt W2 30C) +4 30C ( 7.3 ) 
Fig. 7.3 shows the parabolic power-speed curves of the 
turbine for different air-pressures. A datum line representing 
250W is drawn in Fig. 7.3 and obviously the turbine must be 
operating above the 250W line. This immediately restricts the 
operating speed range of turbine, and any power in excess of 
the output power and iron losses must be dissipated in the copper 
windings of the generator (I2n2R/2), assuming at this stage that 
mechanical losses can be neglected compared to the generated 
power. 
The power demanded from the turbine by the generator, 
bulb and iron losses is given as 
i 
PT = Tt P= (n2R +RL) +T iP (7.4) 
where the iron loss torque, from Fig. 6.38, is represented as 
Ti=T1+C16 (7.5) 
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7.3.1 'Design strategy for a specified generator, bulb 
rating and turbine-nozzle design 
For a given generator design, the parameters p, K, L and 
Rare fixed, and for a known bulb rating, I and RL are specified. 
From equation (3.14), the operating rotor speed is related to 
the turns factor by 
w6060 ep 2ýr 2Trp 
(n2R + RL) 
ii )z_ (n2L) 2 
r. p. m. (7.6) 
Substituting equations (7.2) and (7.5) into equation 
(7.4), the power supplied by the turbine is given as 
PT = (DPsi -CO) 6O e 
2Tr 
212 (n2R+RL) + (T1 +C10) 60 
0 (7.7) 
Therefore, the air pressure required for a given bulb 
rating, generator and turbine-nozzle design is expressed as,, 
60 2 (n2R + RL) + (C + C1) 6+ T1 
psi _ 
2nO 
D 
(7.8) 
Thus for any selected value of turns factor n, the 
required operating speed 8 is determined from equation (7.6) and 
the air pressure from equation (7.8). 
Case Study: 
For example, if the Supermagloy 10 rotor described in 
Section 6.3.5 is used in the 250W generator, Fig. 7.4 shows the 
variations of operating speed a and air pressure Psi with turns 
factor n. The plots show that if the operating speed is 
5,600 r. p. m., the turns factor is fixed at n=1.5 and the air 
pressure at 63 p. s. i. 
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The curves can be used in the opposite order, selecting 
first an air pressure and then finding the corresponding turns 
factor and speed. Obviously for higher electrical efficiency 
the turns factor should be kept as small as possible thus 
keeping the winding resistance to a minimum. ' Ultimately a 
compromise must be made between operating, speed and air pressure, 
the former influencing such factors as audible noise and bearing 
wear, and the latter the air consumption of the lamp, system., 
7.3.2 Design strategy for a specified bulb rating and 
turbine characteristic 
The previous approach described in Section 7.3.1ýhas 
assumed that the rotor design has previously been specified, 
thus fixing p, K, L and R. Alternative rotor designs using 
different types or amounts of magnet material, in order to reduce 
the rotor cost, will lead to different solutions for Psi, n and 
6. For rotors with rare-earth magnets mounted on a soft iron 
centre hub and the pole number remaining unchanged, it has been 
found in section 7.4 that the inductance L is fairly constant. 
Thus for a selected operating air pressure Psi, the three 
variables n, w and K are interrelated by 
f2(DPsi-C6-T1-C18)608 
RL 
w=8p 60 
K'= nw (n R+RL) + (n wL) 2 (7.10) 
where K essentially fixes the rotor magnet dimensions for a 
specified material as shown in Fig. 7.8. 
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Thus for any selected operating speed 6 the required 
turns factor is calculated from equation (7.9) and the K value 
from equation (7.10). 
Assuming that the stator inductance is 140iH and the 
winding resistance is 88mg for a 12 turn stator, Fig. 7.5 shows 
the plots of equations (7.9) and (7.10) for air pressures of 
60,65 and 70 p. s. i. and a 24V 250W bulb. From the curves a 
desired air pressure and speed gives the necessary turns factor 
n and corresponding flux linkage K. 
Case Study 
Assume an air pressure of 60 p. s. i. is selected. In the 
interests of low operating speed, say 5,800 r. p. m., the required 
turns factor is n= 1.17 and flux linkage is 17. OmWb from 
Fig. 7.5. Fig. 7.8 shows that this value of K will require 
Supermagloy 10 magnets having a radial depth >8mm with a 
corresponding cost penalty. 
If electrical efficiency is sacrificed and the turns 
factor of n =1.85 is selected, then this corresponds to a 
higher operating speed of 6,360 r. p. m. But a lower K value of 
llmWb is required, needing approximately 5.3mm"radial depth and 
20mm pole width Supermagloy 10 material, with a cost advantage. 
A typical plot of K variations with 6 for a given air 
pressure is shown in Fig. 7.6. Obviously, for minimum magnet 
material, the rotor is designed to produce a value of K= Kmin* 
However the graph shows that if "K is increased from Kmin to Kir 
the operating speed drops significantly from °min to A1. For 
optimum performance, it is preferable to have aK value between 
0 
137. 
K1 and Y2 because at K values above K2, a small reduction in 
speed from say 02 to 83 would demand a large increase in K from 
K2 to K3 which is not cost effective. In Fig. 7.5, for operating 
air pressures of 60 and 65 p. s. i., the optimum K values would 
be between l0mWb to l2mWb. 
7.4 Rotor Design Choice 
The design strategy described in Section 7.3.2 has shown 
that the optimum K value for the 250W generator, which is driven 
by a turbine having air pressures of 60 to 65 p. s. i., lies 
between 10 and l2mWb. The finite element method is used to 
calculate the stator flux linkage K and inductance L of various 
rotor designs which have geometries similar to that shown in 
Fig. 7.7. The outer diameter of all the rotors is 67mm to give 
a 1.5mm airgap clearance for the use of annular non-magnetic 
restrainer around the outer diameter of the rotor. The centre 
hexagonal hub is manufactured from mild steel. The pole width 
and radial depth of the magnet is shown as pw and rd in Fig. 7.7. 
For the production rotor design, the regions between the magnet 
poles will be filled with epoxy to minimise windage losses. 
Two different rare-earth magnet materials, Supermagloy 
10 and HERA, are used in the rotor designs. Their typical de- 
magnetisation curves are shown in Fig. 4.32. The Supermagloy 10 
is a sintered material, while the HERA is a polymer based rare- 
earth magnet having improved machining and handling properties 
and is capable of being made into complex geometries. However, 
the-B/H properties of HERA are slightly inferior to that of 
Supermagloy 10, and hence requiring larger amount of HERA 
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material to produce the same K value as Supermagloy 10. There 
may, however, still be a cost advantage because the HERA 
material is significantly cheaper than the Supermagloy 10. 
Figs. 7.8 and 7.9 show the variations of computed K and L 
with magnet radial depth for different pole widths and magnet 
materials. The graphs in Fig. 7.8 show that, as expected, 
increase in magnet volume and/or better magnet material results 
in higher K values. In Fig. 7.9 it can be seen that for this 
type of rotor design the stator inductance L is only sensitive 
to changes in magnet radial depth rd because the recoil 
permeability of the two rare-earth magnets is identical and 
near unity. 
It was decided that the K value for the 250W generator 
should be 11.2mWb. In Fig. 7.8 three rotor designs give this 
value of K and they are labelled as designs A, B and C. The 
specifications of the three rotors are summarized in Table 7.2. 
7.5 Final Rotor Designs 
The rotor designs, selected in Section-7.4 and summarized 
in Table 7.2, were manufactured and tested to evaluate their 
performances. Results show that while the Supermagloy 10 rotors 
meet the design specifications, the HERA rotor produces aK 
value which is lower than the predicted value. Hence the HERA 
rotor was redesigned to give the required K value and this 
rotor is labelled as design D. Fig. 7.10 shows rotor designs A, 
B and D. 
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Table 7.2 Possible Rotor Designs for 25OW Generator 
Rotor Design 
A B. CD 
Magnet material Supermagloy 10 HERA 
Centre hub Hexagonal mild steel hub 
Working airgap 1.5m m 
Magnet radial depth 4.5mm 6. Omm 7.0mm 9. Omm 
Magnet pole width 22mm 20mm 22mm 24mm 
Predicted K (mWb) 11.2 11.2 11.2 10.5 
Predicted L (PH) 162 147 139 132 
Calculated T (Nm) 0.581 0.64 0.677 0.626 max 
Table 7.3 Comparison of Various Rotor Designs 
Rotor Flux linkage K(mWb) l ' Inductance L(UH) R(m)) 
design Predicted Measured Predicted Measured Measured 
A 11.2 12.2 162 160 88 
B 11.2 11.6 147 150 48 
C 11.2 9.5 139 135 88 
D 10.5 10.1 132 - 88 
0 
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7.5.1 'Design A 
Using the measurement techniques described in Chapter 3, 
the K. L and R values of the Supermagloy 10 rotor were measured 
and are shown in Table 7.3. For comparison purposes predicted 
K and L values are included in the Table and they show good 
agreement with measured values. Hall probe measurements were 
carried out at location A (Fig. 6.31) of each rotor pole during 
air-stabilisation flux density. The results show that the flux 
density varies between 220mT and 275mT. This variation in flux 
density from pole to pole is similar to that observed for the 
Supermagloy rotors tested in Sections 6.3.3 and 6.3.5. With 
rare-earth magnets such large fluctuations in air-stabilisation 
flux density are not expected because the the recoil line is 
almost coincident to the demagnetisation curve. The possible 
cause for this flux density fluctuation is likely, therefore, 
to be caused by variations in demagnetisation curve due to 
manufacturing tolerances. Studies undertaken by Adler 
(68) have 
shown that the demagnetisation curve of sintered rare-earth 
magnets can distort after grinding, which is the process used 
in the manufacture of the Supermagloy 10 rotors. This could 
contribute to the variation in air-stabilisation flux density 
from pole to pole. However, evidence from other users of 
Supermagloy 10 material suggests that difficulties in holding 
the material to its specifications, at the production stage, 
are likely to be the major cause of this variation. 
With-the stator open-circuit the loss torque speed curve 
was measured and is shown in Fig. 7.11. The results give the 
parameters T1 and Cl of equation (7.5). Using the measured 
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generator parameters K. L and R, the loss torque parameters T1 
and Cl,, and the turbine parameters D and C, the variations. of 
operating speed 0 and air-pressure Psi with turns factor n, for 
a 24V 25OW bulb, are plotted in Fig. 7.12. The measured speed 
and required air pressure for the 250W generator with an n=2 
stator winding is marked on the figure and shows close agreement 
with the predicted results. 
The measured torque speed curve of the generator (n=2) 
with a 24V 250W bulb is shown in Fig. 7.13. The predicted torque- 
speed curve, which includes the loss torques of Fig. 7.11, is 
also plotted on the same figure and it shows close agreement 
with the measured result. The figure also shows the desired 
turbine, characteristics for driving the 25OW generator. The 
torque speed curve of the generator with a short-circuited 
stator winding was measured. The result is plotted in. Fig. 7.13 
and it shows the distinct peak torque described in Section 2.2. 
The predicted troque-speed curve is included in the figure, and 
again it shows good agreement with the measured curve. 
For this rotor design, the saliency, torque'at various 
rotor positions was measured, and is plotted: in"Fig. 7.14. In 
the figure the maximum saliency-torque is 0.28Nm and from 
equation (7.2) at 0=0, the required. air pressure for the turbine 
to start. the generator has to be greater than 32 p. s. i. The 
saliency torque measurements were repeated with a stator which 
had the interpoles removed. The results, plotted in Fig. 7.14, 
show that the maximum saliency torque has increased to O. 84Nm, 
hence to start such a generator design, an air pressure greater 
than 95.6 p. s. i. -would be required. Obviously this shows that 
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the interpoles help to reduce'the maximum saliency torque and, 
in turn, the required starting air pressure. For comparison 
purposes, computed saliency torques are included in Fig. 7.14 
and they show reasonable agreement. 
From Fig. 7.12, a generator with an n=2 winding seems a 
suitable compromise between speed and air pressure. The 
required operating air pressure is 67 p. s. i., which can over- 
come the maximum saliency torque at standstill, and the operating 
speed is 5,700 r. p. m. 
7.5.2 Design B 
The K, L and R values of the Supermagloy 10 rotor, design 
B, were measured and the results show good agreement with the 
predicted values of K and L in Table 7.3. Hall probe measure- 
ments undertaken on the rotor poles during air-stabilisation 
again show that the air-stabilisation flux density varies. In 
this case the variation is from 220mT to 290mT, hence again 
demonstrating the wide manufacturing tolerances in the 
Supermagloy 10 magnets. 
The loss torque-speed curve was measured and the result 
is shown in Fig. 7.11. The graphs in Fig. 7.11 show that the 
loss torques for rotor designs A and B are similar. This is 
expected because the magnetic properties and geometry of the two 
generators do not differ significantly. 
Fig. 7.15 shows the predicted variations of 6 and psi 
with n for a 24V 250W bulb. The measured speed at 67 p. s. i. 
for an n=2 generator, plotted in the same figure, shows close 
agreement with the predicted results. 
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Fig. 7.16 compares the predicted and measured torque speed 
curves for the n=2 generator with 
.a 
short-circuited stator 
winding and a 24V 250W bulb. The results again show. good agree- 
ment. The figure includes the selected turbine characteristic 
which intersects-the 250W generator at the operating speed of 
5,800 r. p. m. 
The measured saliency torques with the existing stator 
design and that without the interpoles are plotted in Fig. 7.17. 
Computed values included in the same figure show good agreement. 
The. results again demonstrate that the stator interpoles help 
to reduce the maximum saliency torque from 0.84 to 0.28Nm, which 
corresponds to a starting air pressure of at least 32 p. s. i. 
Fig. 7.15 shows that a suitable-turns factor for the 250W 
generator is n=2 and the corresponding operating speed and air 
pressure are 5,800 r. p. m. and 65 p. s. i. respectively. 
7.5.3 Design C 
With the HERA rotor, design C, in the generator, the 
parameters K, L and R were measured. The results are compared 
with the predicted K and L values in Table 7.3. While the 
inductances show good agreement the measured K value is 15% 
lower than the predicted value. For all the previous test 
rotors it was thought that the three-dimensional effect caused 
the measured K to be higher than the predicted value, and hence 
the result of this HERA rotor was in complete contradiction to 
this explanation. Thus investigations were carried out to 
establish the likely cause for this large-and positive differ- 
ence in K value. Hall probe measurements undertaken on the 
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rotor poles during air-stabilisation show that the air- 
stabilisation flux density varies between 190mT and 205mT. The 
variation in flux density is less than that observed for the 
Supermagloy rotors tested in Sections 6.3.3,6.3.5,7.5.1 and 
7.5.2. This suggests that the HERA magnet material has a 
closer manufacturing tolerance than. the Supermagloy 10 materials. 
Measurements showed that the axial length was only 15.5mm 
instead of the specified 16.0mm. Assuming a linear increase in 
K with length, a 16mm long rotor would have aK value of 9.8mWb 
which is still 12.5% less than the computed value of 11.2mWb. 
From the data supplied by the HERA manufacturer, it can be 
seen that there are possible manufacturing tolerances in the 
demagnetisation curve such that the-remanent flux density 
Br (=55OmT) has a possible variation of ±5% and the coercivity 
He (=400kAm71) has a tolerance of +8% and -2%. Using the finite 
element method, the calculation of K was repeated for the design 
C rotor with the 'worst case' demagnetisation characteristics 
i. e. Br down by 5% and He by 2%. The recomputed K value is 
lO. 5mWb which is still 6.6% higher than the 'measured' K value 
of 9.8lmWb. Obviously the specified manufacturing tolerance 
cannot account for the 12.5% difference between the 'measured' 
and computed K values. 
Error analysis on the calibrated measurement equipment, 
which consists of an integrator, frequency meter and a digital 
voltmeter, used for measuring K has shown that the maximum 
instrumentation error is 3%. It is considered that the 
unaccounted 3.6% difference between the 'measured' and the 
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worst case recomputed K value could have been caused by 
changes 
(68) in the magnetic property of the HERA material during 
the grinding process of the rotor. However, the magnet blocks 
were removed from the rotor and their B/H curve was checked by 
the magnet manufacturer and found to be unchanged. Errors in 
the field analysis, using the finite element method, due to the 
assumptions made in the model and the uncertain behaviour of 
permanent magnets at directions normal to the preferred 
direction of magnetisation together with the three-dimensional 
effects must therefore still be significant. To investigate 
which of these contribute the 3.6% error would require a large 
amount of labour to study and model the fundamental behaviour of 
permanent magnets. With limited time available, the investiga- 
tion was not undertaken because this would mean a major 
diversion from the main aim of the project which was to design 
a 250W generator. 
It was decided to repeat the calculation of K with a 
suitably lower demagnetisation curve to correct for the 12.5% 
error. Finite element calculations have shown that with a 
demagnetisation curve having Br=479mT, Bm 239mT, HC =-348KAm-1 
and Hm -170KAm-1 gives the correct K value of 9.8mWb. The L 
value was 139uH, and hence this modified B/H curve was used to 
represent the HERA characteristics for future design calcula- 
tions. It should be noted however that this is an empirical 
change which gives the desired correction between measurement 
and prediction, and it should not be assumed that this new 
modified B/H curve represents the true characteristic of HERA 
material. 
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The measured saliency torques at the various mechanical 
angles are plotted in Fig. 7.18. The results show that the 
stator interpoles helped to reduce the maximum saliency torque 
from 0.46 to 0.15Nm, which is lower than that for designs A and 
B due to the lower airgap flux density of design C. 
Using the measured parameters K, L and R from Table 7.3, 
the variations of 6 and Psi with n are plotted in Fig. 7.19. 
Measurements with an n=2 generator are included in the figure 
and they show close agreement. 
Fig. 7.20 gives the predicted torque speed curve of the 
n=2 generator with a 24V 25OW bulb. The torque-speed curve of 
the generator could not be measured because, during'the test, 
one of the magnet blocks cracked at about 4,00 r. p. m. However 
good agreement between predicted and measured torque-speed 
curves can be expected because studies, for rotor designs A and 
B, have shown that the equivalent circuit can be used to predict 
the generator torques to a good-accuracy. 
The graphs in Fig. 7.19 show that rotor design C can be 
used in the 250W generator even though the K value is only 
9.5mWb. A suitable turns factor is n=2.8 and the corresponding 
operating speed and air pressure are 6,500 r. p. m. and 66 p. s. i. 
respectively. 
7.5.4 Design D 
Using the modified B/H curve of the HERA estimated in 
Section 7.5.3, the finite element method was used to calculate 
the K and L values of rotors having different magnet radial 
depths and pole widths as shown in Figs. 7.21 and 7.22. 
147. 
Fig. 7.21 shows that for aK value of 11.2mWb the magnet radial 
depth must be greater than 10mm. It was decided that a good 
compromise between magnet volume and K value. would be to choose 
a rotor design which gave K=1O. 5mWb. This rotor design is 
represented as point D in Fig. 7.21 and the specifications are 
summarised in Table 7.2. 
' Full tests on the rotor design D have not been carried 
out since this rotor was manufactured at a late stage of the 
investigation. A test has shown that the K value is 10. lmWb 
but the axial length of the rotor is only 15.5mm instead of the 
specified 16mm. Hence the extrapolated K value, for a 16mm axial 
length rotor, is 10.1 x16/15.5 = 10.43mWb which is only 0.67% 
lower than the predicted value. 
Using the measured K and R, and predicted L values given 
in Table 7.3, the variations of operating speed e and air 
pressure Psi against turns factor n are plotted in Fig. 7.23. 
The 12 turn and 24 turn stator (n=1, n=2 respectively) were used 
to test the design. The corresponding air pressure and operat- 
ing speed for these two units are marked on Fig. 7.23 to show the 
good agreement achieved. 
Fig. 7.24 shows the predicted torque speed curves for an 
n=l and n=2 generator with a 24V 250W bulb. The desired turbine 
characteristics are also included in the same figure. The 
results show that if low operating speed is a major consideration 
then a generator with n=2 is a suitable choice. Alternatively 
if low air pressure is preferred, then an n=1 generator with 
high operating speed can be used, or, of course, any other 
intermediate n value. 
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7.5.5 Summary of designs 
The study has shown that any of the rotor designs 
4 
summarized in Table 7.2 can be used in the 250W generator with 
different operating speeds and air pressures. Assuming that 
the rotor design D is selected for the 250W generator with a 
turns factor of n=2 and allowing for manufacturing tolerances 
in magnetic properties such that the flux linkage K is 
10.5mWb ±5%,, the variations of torque and output power with 
speed are shown in Fig. 7.25. The results show that variations 
in K require different air pressures to match the turbine 
with the generator but that these pressure changes are small. 
Thus final 'trimming' for each generator could be carried out 
on the pressure regulator fitted to each production unit if 
such variations in K were found in practice. 
The final choice of rotor design ultimately depends on 
the lamp manufacturer who has to consider magnet material cost, 
guaranteed tolerances in magnetic properties, and rotor assembly 
costs together with operating costs and other user orientated 
selling features. 
7.6 System Protection 
Fig. 7.26 shows the torque speed curve of the turbine 
intersecting that of the 250W generator at point A. In the 
event of bulb failure due to either an accident or normal 
deterioration of the filament, the generator has no load and 
the turbine accelerates until it-intersects the loss torque Ti 
at point B. Assuming that the turbine and iron loss torque 
speed characteristics are represented by equations (7.2) and 
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(7.5), -the speed at point B is then given as 
DPs. -T. 1 
r eB -C +C1 . p. m. 
(7.11) 
For example if the operating air'pressure at point A is 
70 p. s. i., then e$ is 40,650 r. p. m. However in practice 0B is 
less than that given by equation (7.11) because in the actual 
lamp system there will be windage losses which help to reduce 
the speed from 6B to 
; 
CO, as shown in Fig. 
7.26. Since data on 
windage losses are not available, 0C cannot be determined. 
If the rotor is allowed to overspeed to 0 B, when the 
bulb fails, a very rigid restrainer, which can be expensive to 
produce, is required to prevent the rotor from disintegrating. 
Besides that, there are other considerations to bear in mind 
such as excessive wear on the bearings, excessive noise levels, 
and the mechanical stresses acting on the turbine blades at 
the high no-load speed. 
Alternative protection systems can be devised to prevent 
the turbine-rotor from overspeeding when the bulb fails. For 
commercial reasons, the protection system has to be reliable, 
simple to manufacture, low in cost, compact enough to be housed 
in the existing brass casing and must be triggered automatically 
when the lamp fails and reset after the fault has been rectified. 
One method of preventing overspeeding is to reduce or 
cut-off the air supply to the turbine, when the lamp fails, by 
means of a solenoid-controlled air valve which is triggered 
electronically via detector circuits. However, reliable and 
compact solenoid-controlled valves are expensive, and to 
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incorporate them into the lamp would necessitate major 
modifications to the air ducts of. the brass casing. Thus the 
manufacturer decided that, if possible, the protection system 
should be completely solid-state with no moving parts. The 
simplest method is to use the generator to load the turbine, 
hence preventing overspeeding. Point A in Fig. 7.27 represents 
the operating point of the generator with a 24V 250W bulb. 
When the bulb fails, an electronic circuit switches in a load 
RD (<RL) across the stator terminals and the torque-speed curve 
of the generator is modified from OA to OED. The torque of 
the generator at point D is_greater than that produced by the 
turbine at point A so the turbine will decelerate from point A 
to the intersection point E. 
A number of alternative electronic circuits are examined 
in Appendix E. The simplest circuit is chosen for more 
detailed analysis. Fig. 7.28 shows the circuit which consists 
of a triac T1, a load resistor RD, and a capacitor C. 
At'this stage of the investigation is has been assumed 
that rotor design B is used in the 250W generator which has a 
turns factor of n=2. 
7.6.1 Ratings of triac Ti and resistor RD 
It is assumed that after the bulb has failed a resistor 
RE, which represents the combined resistance of RD and Ti, is 
connected across the stator terminals. A number of torque speed 
curves for the generator, for various RE values, are plotted in 
Fig. 7.29. *Point A is the rated operating point of the 250W 
generator and the torque speed curve of the selected turbine is 
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line AE. Allowing for the maximum air pressure fluctuation of 
+3 p. s. i., the curves show that a suitable value of RE, to 
prevent overspeeding, is 0.40. Using equation (2.21), the 
maximum theoretical current as w+- is given as 
max =K= 
27.5A 
vf2-nL 
At point D (0 =5,800 r. p. m. ) then the expected current 
is only 22.6A. However, taking into account the possibility 
that if K has +5% tolerance, then a suitable current rating for 
the Triac is 30A. Triacs are available with an isolated 
mounting stud or with the one terminal connected to the stud. 
In'order to use the lamp housing as a heat sink an isolated 
stud device was selected for safety reasons. Triac 2N6165 was 
selected having the specification shown in Table 7.4. 
Tests have shown that with forced cooling a resistance 
wire rated at 10A can readily carry currents up to 30A without 
glowing, and with such a high volume of air flow inside the 
lamp unit, the resistor RD (=0.41) can be wound from 
resistance wires which have 10A ratings. 
Table 7.4 Specifications of Triac 2N6165 at T. c 
<. 70C ° 
VDRM 600V 
IT(r. m. s. ) 30A 
ITSM 250A 
VGT 2V 
IGT 100MA 
I GTM 10A 
pGM 40W 
pG (AV) 1W 
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7.6.2 Circuit design to ensure that the triac will not 
fire under normal operating condition 
The capacitor C must be chosen such that during run-up 
to operating speed the triac must not fire. Tests on the triac 
have shown that the gate resistance Rg, prior to the triac being 
turned on, is 900 and the gate turn-on voltage vgt is 0.65V. 
Assuming that the impedance of the protection circuit is 
high compared to the bulb resistance RL, the gate voltage in 
Fig. 7.28 is given as 
R 
gg 
(7.12) vg = vL(R+RD) 
+ jW C A 
To prevent the triac from firing at rated voltage vL, 
the gate voltage must be less than vgt such that, 
R 
(7.13) Vgt > VL(Rg+RD) 
+ jw C A 
Rearranging equation (7.13), the capacitor C is 
expressed as, 
c< ..: 
1 (7.14) 
. '. C< 117nF. 
2 wA 
om )2- (R +R D) 
gt g 
Thus a suitable value of C is lOOnF. 
7.6.3 Transient analysis of gate voltage 
A circuit analysis has been undertaken to show that the 
transient gate voltage occurring at bulb failure, prior to the 
triac being turned-on, is sufficient to trigger the triac. 
Since the triac will attempt to switch off at each current zero, 
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analysis is also necessary to ensure a design capable of 
retriggering the triac at such points. 
(a) When the lamp fails at current i=O 
Under normal operating conditions, with the switch S 
(Fig. 7.30) in position 1, the emf of the generator is given as 
V= nKw sin(wt+8) (7.15) 
and the current is 
i=I sin (wt) (7.16) 
wLn2 
where 0= tan- I( RL±n 2) (7.17) R 
At the instant when the lamp fails, with the switch S in 
position 2, the voltage equation is 
nKw sin(wt+O) = n2L 
ät+i(n2R+RD+Rg) 
+ý 
Jidt 
(7.18) 
Differentiating equation (7.18) gives 
i" 
nKw2 cos (wt+6) = n2L 
ät2 
+ (n2R+RD+Rg) ät +i (7.19) 
It can be sho-vm(69) that°the solution of equation (7.19) 
takes the form, 
i= it+iss 
= Be-atsin(ßt+) + nZw sin(wt+6-f) 
where it is the transient current component 
(7.20) 
iss is the steady state current component 
B and i are arbitrary constants 
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Rn. 
a2n7L 
1R2 
, n2LC 
-'22nL) 
Z= R"2 + (wn2L ýC) 2 
wn2L - 
= tan-'( R 
Wc) 
R" = n2R+RD+Rg 
Applying the initial conditions at t=0, 
i=0 (7.21) 
and n2L 
'= 
nKw sinO (7.22) 
and equating equations (7.20) and (7.21) gives 
II sind nw sin (0-fl (7.23) 
By using equations (7.20) and (7.23) in equation (7.22), 
it can be shown that 
B cosh = nßw r sin 
L- Zsin (O-ý) - Zcos (O-f )] (7.24) 
For a given bulb rating, I and RL are fixed. For a 
generator design, the parameters K, L and R are specified and 
with a selected turns factor n, the operating speed is fixed. 
With RD =0.40 and C= 100nF, the 'constants B and * can be 
determined from equations (7.23) and (7.24). 
The gate voltage-is given as 
vg = iR9 (7.25) 
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By substituting equation (7.20) into (7.25), the variation 
of gate voltage with-time is plotted in Fig. 7.31. The results 
show that the triac will trigger in less than. 50nS when the 
operating frequency is 290Hz. 
(b) When the lamp fails at peak current such that i=I 
To simplify analysis, the emf of the generator is expressed 
as 
and the current is 
v= nKw cos(wt+O) (7.26) 
i=I cos'(wt) (7.27) 
At the instant when the bulb fails the voltage equation is 
given as 
nKw cos (wt+A) "= n2L 
ät + iR" + Jidt (7.28) 
The solution of equation (7.28) takes the form 
i= Ae-atsin (ßt+y) + nZW cos (wt+O-4) (7.29) 
where A and y are arbitrary constants. 
Subjecting initial conditions to the circuit in Fig. 7.30 
such that at t=O 
J (7.30) 
and 
C1 idt = vL (7.31) 
Therefore, the current equation is 
I=A sing + nZW cos (O-4) (7.32) 
and voltage equation gives 
nKw cosO = n2L 
ät +I R" +v L (7.33) 
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Using equations (7.32) and (7.33), it can be shown that 
and 
A sing =I 
'nw 
cos(O-f) (7.34) 
1 nKw, cosh-VL-. ImR" n2 A cosy' =ß{ n2L Z sin(O-q) 
+a rI - 
nZw cos (8-ý)J } (7.35) 
From equations (7.34) and (7.35), the arbitrary constants 
A and y are solved. By using equations (7.29) and (7.25),. the 
instantaneous gate voltage vg is plotted in Fig. 7.32. The curve 
shows that the gate voltage will immediately trigger the triac, 
assuming that there is no turn-on time delay in the triac. 
However the voltage is over 1KV and might damage the triac, so 
a transient suppressor is connected across the terminals, mtl 
and mt2, of the triac to absorb this voltage surge. A suitable 
suppressor is a semiconductor device known as voltage dependent 
resistor (VDR). Assuming that the operating voltage of the VDR 
is 75V, the sustained surge current I is 14.73A and the pulse 
width, from Fig. 7.32, is 26ps the energy in the pulse is 
E= 75x14.73x26x10-6 =29mj 
The VDR, R. S. No. 238-485, is chosen as its operating 
voltage is 75V and pulse dissipating energy is 10J. 
(c) When the triac turns off at current i=O 
At each half cycle of current, the triac switches off 
when the current through it is zero. Using the analysis derived 
in Section 7.6.3(a), with RL=O, the gate voltage at various 
frequencies is plotted in Fig. 7.33. The results show that the 
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gate voltage is sufficient to retrigger. the triac at operating 
frequencies between 290Hz to 40Hz. " Since the lower frequency 
limit, when the generator slows. down to point E in Fig. 7.29, is 
100Hz the analysis has shown that the protection system will 
work within the designed speed range, i. e. 5,800 r. p. m. to 
2,000 r. p. m. 
" 7.6.4 Circuit analysis to determine the upper speed limit 
when there is no bulb connected to the generator 
Assuming that there is no bulb across in the generator 
when the air supply is switched on, the generator will accelerate 
from point 0 towards point B (Fig. 7.34). But when the generator 
reaches point J, the protection circuit switches on and alters 
the torque-speed curve from OB to OEK. The generator operating 
point moves from J to K and slows down to point E. Using the 
equivalent circuit in Fig. 7.28 and assuming that the impedance 
of the protection circuit is larger than that of the generator, 
the gate voltage is expressed as 
R' 
Vg = Knw g= Knw2 RC (7.36) 
(Rg+RD) +j 
wC 
9 
Using equation (7.36) the angular frequency when vg 
reaches vgt is given as 
w=w= --ý= (7.37 ) C k nK R9 
and the upper speed limit Of the generator is then 
10 v_ gt 
Kn nKRCr'p'm. 
(7.38) 
g 
= 5,610 r. p. m. 
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7.6.5 Prevention of over voltage across the 250W 24V bulb 
Fig. 7.35 shows the variations of torque, bulb voltage and 
power with speed for the n=2 generator, which has a design B 
rotor, supplying a 24V 25OW bulb. Point A is the operating point 
and line FA is the selected turbine characteristic. Allowing for 
possible air pressure fluctuations of ±3p. s. i., the variations 
in bulb voltage is 24 ±2V and for bulb power it is 250 ±30, W. 
Obviously the bulb will be overloaded if the air pressure 
increases by 3p. s. i. A protection system has been devised to 
prevent excessive over voltage being applied across the bulb. 
By connecting a diac, IN5762A which has a voltage rating 
of VD = 34V, in parallel with the capacitor C the protection 
circuit, shown in Fig. 7.36, is adapted to include an over 
voltage facility such that the triac will trigger when the lamp 
voltage is given as 
(vD+vgt) 
vL= =24.5V 
7.6.6 Implementation of protection circuit 
Tests were undertaken on the 250W generator with the 
protection circuit, shown in Fig. 7.36, connected across the 
stator terminals. With the bulb in circuit, the results showed 
that the protection circuit was only activated when the voltage 
across the bulb exceeded 25V, hence verifying the over voltage 
calculation in Section 7.6.5. 
At the rated operating speed of the generator the bulb 
was switched off to simulate bulb failure and this triggered the 
protection circuit. By slowing down the generator, which was 
159. 
driven by a d. c. motor, the protection circuit ceased to function 
when the speed was less than 1; 000 r. p. m. Since the results in 
Fig. 7.29 show that the lower speed'limit is 2,000 r. p. m., the 
protection circuit meets the 'latching on' requirement when the 
generator slows down. 
A typical waveform of the gate voltage, after the triac 
has fired, is shown in Fig. 7.37. In the figure tl is the time 
taken for the transient gate voltage vg to reach vgt and v4 is 
the saturation voltage of the triac. 
The effective resistance of the triac at 100Hz was measured 
as 60mQ. Hence the total resistance of the protection circuit is 
0.469. This modifies the torque speed curve of the generator and 
the lower speed limit is now. 2,300 r. p. m., as shown in Fig. 7.29. 
Tests showed that, with the bulb out of circuit and the 
generator started from standstill, the protection circuit 
activates at 5,300 r. p. m., hence verifying the calculations under- 
taken in Section 7.6.4. 
Finally, the protection circuit was tested in the actual 
lamp system with the generator driven by the air turbine. The 
results confirm the capability of the protection circuit to 
prevent over speeding and over voltage, as tested above. After 
the bulb was switched off, the generator slowed down to a stable 
speed of 2,900 r. p. m. 
7.7 Matching the 55W Cobalt Generator with Turbine Characteristics 
The torque speed curves of the turbine with a single type 
1,200 nozzle are shown in Fig. 7.38 together with the curves for the 
existing turbine with a single type 1,32° nozzle. The plots in 
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the figure give the turbine constants C and D of equation (7.2) 
and the curve in Fig. 3.11 determines the loss torque constants 
Ti and Cl of equation (7.5). For a given bulb, I and RL are 
fixed. Using the measured parameters of a Cobalt generator K, 
L and R from Tables 3.1 and 3.2, the variations of operating 
speed 6 and air pressure Psi with turns factor n, for the two 
nozzle designs, are plotted in Fig. 7.39. The results in the 
figure show that for the existing generator with n=1, the 
operating speed is 9,200 r. p. m. and the air pressure, for a 
single type 1 32° nozzle, is 53 p. s. i. If the new 20° nozzle is 
used and the turns factor is n=2, the operating speed reduces 
to 5,700 r. p. m. and required air pressure is 57 p. s. i. The 
measured maximum saliency torque is 0.046Nm and the minimum air 
pressure required to start the generator is 16.4 p. s. i. which is 
obviously less than the operating air pressure of 57 p. s. i. 
7.8 Conclusion 
After consultation with the lamp manufacturer, the rotor 
design D seems a likely design to be used in the 250W generator 
because the HERA material is substantially cheaper than the 
Supermagloy 10 material. Hence the design variables, which are. 
not fixed in Table 7.1, can now be finalised and they are 
summarised in Table 7.4. Tests have shown that the protection 
circuit, shown in Fig. 7.36, can also be used for the 250W 
generator having a rotor design D and a turns factor of n=2. 
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Table 7.4 
Design variables 25OW generator .( 
55W generator. 
Number of turns in 24 turns per pole winding using 0.965mm 
stator winding diameter copper wires 
Rotor magnet HERA '35% Cobalt 
material 
magnets having 24mm 
Rotor magnet pole width and 9mm As the existing 
geometry radial depth design 
mounted on a mild 
steel centre, hub , 
Turbine air 63 p. s. i. 57 p. s. i. 
pressure 
Operating speed 7,000 r. p. m. 5,700 r. p. m. 
Protection circuit Yes No 
CHAPTER 8 
CONCLUSIONS 
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With the market for semi-portable safety lamp units 
growing, there is a need to uprate the existing 55W design to 
250W. It is hoped that the 25OW lamp units will capture a, 
large share of the safety lamp market because other manufacturers 
have produced only 10OW units. This need to uprate the lamp 
requires a re-examination of the overall design. A design 
engineer must view the design of the lamp as a whole, for extra 
cost of one component may well be more than offset by consequent 
savings on other components. The 250W generator design must 
also consider the constraints imposed by the specifications 
outlined in section 1.3, and the turbine design. 
The early part of the investigation has been concerned 
with the modelling of the permanent magnet generator which 
powers the lamp. An equivalent circuit shown in Fig. 2.1 has 
been developed. Tests have shown that, with known generator 
parameters (p, K, L, R and n) and a given lamp rating (I and RL), 
the operating speed of the generator can be predicted with an 
accuracy of 7%. Analysis has identified that the most important 
design parameters for uprating the peak torque Tmax, are pole- 
pairs, p, stator flux-linkage K, and inductance L. 
Studies have shown that the predicted torque-speed 
characteristic of the generator must account for the loss 
torques and the non-linearity of the bulb load when selecting 
the desired turbine. To ensure stable system operation, a 
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suitable turns factor n is used to modify the torque-speed 
characteristic of the generator to intersect that of the 
turbine at a region to the left of Tmax where the gradient of 
the generators torque-speed curve is positive. 
The next stage was then to consider the factors 
influencing the parameters K and L. It has been found that 
these two parameters are affected by the permanent magnet 
materials and the generator geometry. Using the standard 
magnet design methods described in chapter 4 the parameters K 
and L can only be calculated with limited accuracy. These 
methods rely on empirical data and this creates uncertainties 
in the design calculations if the generator is radically re- 
designed with different magnetic materials and geometries. 
For a more fundamental study of a generator design the 
finite element method is used to calculate the parameters K and 
L, and the saliency torque. The latter is an important parameter 
for matching the turbine to the generator at standstill. The 
finite element method has significant advantages over standard 
design methods, because it can account accurately for leakage 
flux, it can handle complex configurations of magnetic circuit, 
it allows different parts of the magnetic materials to have 
different flux densities and permeabilities and it enables the 
directional properties to vary throughout the permanent magnet 
materials. A suite of two-dimensional finite element programmes 
has been written which allows the magnetic field distribution 
within the active length of the machine to be calculated during 
initial magnetisation of the magnets, during stabilisation, when 
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the magnets are removed from the magnetising jig, and finally, 
during recoil operation, when the magnets are replaced in the 
generator. It has been shown that, provided the fringing fields 
at the ends of the machine are a small proportion of the total 
field, -the stator flux linkage K can be calculated with an 
accuracy between +10% and -12.5%. The accuracy of the predicted 
stator inductance, which includes an estimated end-winding 
component, is between +2% and -6.7% while that for the maximum 
saliency torque is between ±10%. Errors in the finite element 
calculations might have arisen because of assumptions made in 
the model regarding the behaviour of permanent magnets in 
directions normal to the preferred direction of magnetisation. 
In addition three-dimensional effects were not taken into account. 
Measurements have shown that magnet manufacturing tolerances, 
particularly on the rare-earth materials, are significant as 
evidenced by variations in the magnetic properties of complete 
rotor assemblies and of individual poles. 
Recognising the possible sources of errors, the finite 
element method can be used for designing permanent magnet 
generators with an accuracy acceptable for many engineering 
applications. The method was used to study the effects of 
changing the pole number on generators having Cobalt and 
Supermagloy 10 rotors. The results have shown that the optimum 
number of pole-pairs for the Cobalt generator is 6, which 
increases the Tmax by 60% over the existing 3 pole-pair design. 
However, the minimum operating speed of such a generator to 
supply a 250W lamp would be 14,000 r. p. m. which does not meet 
the design specifications. The optimum number of'pole-pairs 
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for the Supermagloy 10 generator is 4, but its Tmax is only 4% 
greater than that of a 3'pole-pair design. For economic con- 
siderations such a small improvement in performance is off-set 
by the cost of producing a new. 8-pole stator lamination. The 
minimum speed of a 6-pole, 25OW generator having a Supermagloy 
10 rotor and an optimum turns factor of nmin - 3.6 would be 
3,600 r. p. m. This meets the design specifications. 
Ideally, the generator should be designed with the 
optimum turns factor nmin so as to minimise the full-load 
operating speed. However the calculation of nmin does not 
consider the limitations imposed by the air-turbine or the 
efficiency of the overall system. Hence a different design 
-strategy has been developed to match the generator to a given 
turbine. Various 'rare-earth rotors have been designed. for the 
250W generator. Tests on these prototypes have shown that with 
an n=2 stator winding the generators can produce 250W at 
operating speeds below 7,500 r. p. m. and air-pressures less than 
70 p. s. i. Design calculations and tests have shown that the 
operating speed of the 55W Cobalt generator is reduced from 
9,200 r. p. m. to 5,700 r. p. m. if the turns factor is increased 
to 2. This has a- cost advantage in standardizing the stator 
winding for both the 55W and 250W generators but does incur the 
disadvantage of a higher operating air-pressure and air 
consumption over the existing design. 
For system protection an electronic circuit has been 
designed to switch a load onto the generator and prevent the 
rotor from overspeeding in the event of bulb failure. An extra 
facility has also been devised to prevent excessive overvoltage 
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being applied across the bulb. The complete electronic circuit 
is easy to incorporate into the lamp unit, is low in cost, 
simple to manufacture and has been overdesigned for high 
reliability. This makes it an attractive commercial proposition 
as an extra safety feature for the 250W safety lamp unit. 
This project has demonstrated that by using various 
mathematical models, rather than standard design methods which 
rely too much on experience and empirical data, it is possible 
to design an air-driven turbo-generator for optimum cost and 
performance and greatly reduce the development time. Both of 
these are important for commercial success. 
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APPENDIX A 
EXPERIMENTAL EQUIPMENT 
The rig used for testing the permanent magnet generator 
is shown in Fig. A. 1 and a schematic diagram of the various 
components is shown in Fig. A. 2. The permanent magnet rotor is 
mounted on a shaft which is supported by two high-speed 
bearings and linked to a d. c. drive motor via a brass coupling. 
This brass coupling has a torque-limiting pin, a safety device, 
designed to shear in the event of accidental locking of the 
rotor. 
The stator of the generator is mounted in a Bakelite 
housing which has a concentric support shaft. This shaft, 
mounted on low friction bearings, is restrained by the 
cantilever arm of the torque measuring system. It is designed 
to permit axial movement of the stator which is a useful facility 
for allowing the rotor to be changed without having to dismantle 
the test rig. Fig. A. 3 shows the stator when it is retracted 
away from the rotor. 
(a) Speed Measurement 
The speed of the rotor can be determined from the 
frequency of the stator output voltage. The relationship 
between speed 6 and frequency f is given by 
A=! radians sec-'-= P 
20 
r. p. m. p 
= 60 p r. p. m. 
(A. 1) 
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where f is measured with a calibrated frequency meter which has 
a O. 1Hz resolution. 
Alternatively the output voltage E from a d. c. tacho- 
generator, which is coupled to the d. c. drive motor, can be 
used for measuring speed. The speed is expressed as 
e= K1 (A. 2) 
where K1 is the open-circuit speed-emf constant of the tacho- 
generator. The voltage E is used as a speed signal for an X-Y 
plotter for plotting the torque-speed curve of the generator. 
(b) Torque Measurement 
The torque produced by the generator and transmitted to 
the stator is determined by measuring the required restraining 
force on the cantilever arm' fixed on the stator support shaft, 
as shown in Fig. A. 4. This restraining force F is measured with 
a load cell. The torque is expressed as 
T= Fr Nm (A. 3) 
where r is the length of the cantilever arm. 
Fig. A. 5 shows the load cell, labelled A, and the signal 
processor unit labelled as B. The load cell, which has a 
maximum force rating of lkg, is a strain gauge unit. The signal 
processor unit consists of a d. c. amplifier, D. V. M. and power 
. supply for the strain gauge. These two units are manufactured 
by Shape Instruments Ltd., and are known as 'ML series with lkg 
load'. The torque measuring equipment was tested and found to 
be within the manufacturers specifications, i. e. the linearity 
and hysteresis is less than 0.05% of f. s. d. 
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The output voltage from the signal processor unit has a 
+2V offset. The X-Y plotter used (Hewlett Packard No. 7035B) 
could not be zeroed with such a large offset voltage and the 
circuit shown in Fig. A. 6 was used to back-off the 2V offset. 
(c) Saliency Torque Measurement 
With the generator mounted in the experimental rig the 
i saliency torque, at standstill, is determined by measuring the 
torque experienced by the stator. This torque is measured with 
the equipment described in Section'(b). With mechanical degrees 
marked on the yoke of the stator core and a pointer mounted on 
the rotor, as shown in Fig. A. 7, the saliency torque can be 
measured at various rotor displacement angles. 
(d) Generator Test Circuit Arrangement 
With the circuit arrangement shown in Fig. A. 8, short- 
circuit, open-circuit and load tests can be carried out with SW 
switched to positions 1,2 and 3 respectively. To avoid 
external wiring resistance the stator winding terminals are 
connected directly together during the short-circuit test. 
For the measurement of K, SW is switched to position 2 
and the integrator circuit shown in Fig. A. 9 is used. The output 
voltage of the integrator is given as 
VO = GnK 
where G =. CRI = 21r15 
(A. 4) 
and assuming wCR2 » 1. 
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(e) Power Supply for D. C. Drive Motor 
The Ward-Leonard system, which is a facility available 
in the Department, is used for varying the speed of the d. c. 
drive motor on the experimental rig. Fig. A. lO shows the 
circuit arrangement. In this system the separately excited 
drive motor is supplied with a constant field current Im 
The armature supply is obtained from a separately excited d. c. 
generator driven at a constant speed 8g by an induction motor. 
The armature voltage of the d. c. generator is given as 
Eg Kg 6g1g (A. 5) 
The speed of the d. c. drive motor is expressed as, 
0= K- =K Ig (A. 6) 
. mm mm 
By varying Vg, and hence Ig, on the control console, 
the speed e can be changed. In the control console, dVg/dt 
can be selected for different accelerations 8 of the drive 
motor. This facility is used for plotting the torque speed. 
curve of the permanent magnet generator automatically on an X-Y 
plotter. The smooth and slow acceleration avoids inertia 
torque fluctuations at the measurement point. 
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APPENDIX B 
SHORT-CIRCUIT MEASUREMENTS 
TO EVALUATE L AND R 
Using the experimental rig described in Appendix A and 
driving the generator at constant speed, the short-circuit 
current of the permanent magnet generator is given by 
I= Kwn (B. 1) 
(n2R+Ra) 2+ (wn2L+wLa) 2 
where K, L and R are parameters of the generator 
Ra is the resistance of the ammeter and wires 
La is the inductance of the ammeter and wires 
n is the stator winding turns factor 
w= 2rf 
Rearranging equation (B. 1) gives the r. m. s. short-circuit 
current as 
IrmS _ 
nK a (B. 2) 
ALT /1+ct2 
27rfL 
T where a= (B. 3) R T 
LT = n2L + La (B. 4) 
RT = n2R +9a (B. 5) 
The shape factor (a/ 1+a2) is isolated from its 
amplitude by, converting equation (B. 2) to 
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log Irras = log 1-: 
nK j+ log I_ a (B. 6) 
ALT 
l+a 2 
Fig. B. l shows the variation of a with a plotted on 
+a 2 
I, - 
log-log axes. With the n=1 stator winding, the measured Irms 
variation with frequency for the various rotors is shown in Fig. 
B. 2. It can be seen that the measured curves in Fig. B. 2 are 
similar in shape to that shown in Fig. B. l. By overlaying Fig. 
B. l on Fig. B. 2 and sliding Fig. B. l about parallel to the X and 
Y axes, a position can be found at which the two curves are 
best matched. At this position the frequency on Fig. B. 2 
corresponding to a=1 on Fig. B. 1 is 
. 
read off the curve. At 
this point (a=1) 
I nK 
rmsI 2LT 
(B. 7) 
from equation B. 2 where K is the measured flux linkage from 
Table 3.1 
and, from equation B. 3. 
2irf 1L 
1.0 =RT (B. 8) 
Rearranging equations (B. 7) and (B. 8), the inductance 
is given as 
LT = 21nK 
(B. 9) 
rmsl 
and the resistance is 
RT = 27rf1LT (B. 1O) 
Using this curve-fitting technique, LT and RT are determined 
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for the various generators. 
With a Wheatstone Bridge, Ra and La were measured as 20ma 
and lOUH respectively. Table B. 1 shows the parameters, R'and 
L, obtained after subtracting the values of Ra and La from RT 
and LT. 
TABLE B. 1 
Parameters L and R from short-circuit tests 
Rotor 
Material 
Magnetisation 
state 
Working 
airgap 
(mm) 
L(iH) R(mQ) 
Cobalt complete 0.5 260 110 
Alnico (N) complete 0.5 190 110 
Alnico (H. Br) complete 0.25 250 110 
Alnico (N) incomplete 0.5 200 110 
Alnico (H. Br) incomplete 0.25 240 110 
The tests were repeated after those rotors-which were 
not fully magnetised initially had been remagnetised. The 
results are included in Table B. 1. 
This measurement technique for L and R does not give 
accurate results because, over the wide current range of the 
test, different calibrated ammeters have to be used to'minimise 
meter-reading errors. Since this requires stopping and restarting 
the test in order to change ammeters it causes R to change since 
the winding temperature changes. Even without having to change 
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ammeters, R would increase as the short-circuit current increases 
due to higher winding temperatures. 
Due to the rig design, forced cooling is not effective. 
Therefore, to minimise temperature effects, measurements were 
taken in less than a minute run-up time. Results during run- 
down have shown that the rise in winding temperature reduces 
the current due to increase in effective resistance. Obviously 
this introduces errors into the technique. However, the study 
shows that the short-circuit current varies with frequency in 
a similar manner to that predicted from the model described in 
section 2.2 
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APPENDIX C 
IRON LOSSES IN THE ROTOR AND STATOR 
Ca) Introduction 
Investigations have been undertaken to examine the iron 
losses which are neglected in the equivalent circuit described 
in chapter 2. The air-turbine has to supply the electrical 
power output, the winding copper losses and the iron losses. 
The winding loss is readily calculated from the known current 
and stator resistance, but the iron losses, due to hysteresis 
and eddy currents, are much more difficult to assess. 
The production stator consists of 0.5mm laminations 
which are stamped from Losil 800 material. For machines 
operating at above 50Hz, thinner laminations are usually 
selected to reduce eddy currents. Therefore as an initial trial 
study a stator core of identical geometry was manufactured from 
0.35mm laminations. Unfortunately material have the same 
properties as the Losil 800 was not available in thinner 
laminations and the new stator was made from Transil 335 
material. The specifications of the two different stator cores 
are given in Table C. 1. These two stator cores were used in 
the iron loss studies. Individual laminations of these stator 
cores had their burrs removed and were insulated with varnish 
to minimise any. experimental error caused by short-circuited 
laminations. 
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TABLE C. 1 
Specifications of stator cores 
Stator material 
Losil 800 Transil 335 
Number of 29 0.5mm pieces 41 0.35mm pieces 
laminations 2 1.2mm pieces 2 1.2mm pieces 
Resistivity 
(S2m) 37 x 10-8 47 x 10-8 
Percentage of 
silicon 
doping 1.6% 2.8% 
B/H curve See Fig. 5.4 
(b) Iron Loss Mechanisms 
(i) 'Stator winding open-circuit 
With the stator winding open-circuit and the rotor 
driven, the alternating flux linkage causes eddy current and 
hysteresis losses in the stator core. Since the stator has a 
complex geometry, the iron loss density in the stator is not 
uniform. As the rotor rotates the magnet experiences changing 
working permeance lines as shown in Fig. C. l. This sets up a 
pulsating flux density BE in the solid rotor and causes rotor 
eddy current losses, as well as hysteresis losses due to the 
minor recoil loop. In practice different parts of the magnet 
experience different magnitudes of. flux density pulsations and 
this makes iron loss analysis difficult. , 
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(ii) Stator winding on-load 
When the stator winding carries a current, there is a 
further component of flux pulsation BF in the magnet which is 
caused by the demagnetisation mmf HD. Consider the worst case 
when the generator has a highly inductive load shown in Fig. C. 2, 
the magnet then experiences a demagnetising mmf which is a 
maximum when the rotor is at position 1 and zero at position 2. 
The magnet working points under such conditions are summarized 
in Fig. C. 3. The calculation of iron losses under load 
conditions was not pursued because of the time limitations. 
(c) Total Loss Measurement 
The terms total loss and loss-torques refer to the tests 
which have been carried out with an open-circuit stator. These 
loss measurements include the iron losses due to eddy currents 
and hysteresis and any friction and windage losses. 
Loss torque experiments were performed to determine the 
magnitude of, the hysteresis and eddy current loss in the 
generator. With the Cobalt generator mounted in the test rig 
and the rotor driven at constant speed, the torque-frequency 
(speed) curve of the generator was measured with each stator 
core. The results, which represent the loss torques, are 
plotted in Fig. C. 4. Surprisingly they show negligible difference 
for the two stators despite the different lamination thicknesses. 
The torque-frequency curve obtained by using a demagnetised 
rotor is also included in the same-figure as a measure of the 
friction and windage losses of the test rig. It must be 
emphasised that these mechanical loss torques are not 
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representative of those in the production lamp system since a 
different bearing system has been used and no air supply or 
turbine was present. 
Since the hysteresis power loss is caused by the cycling 
of the material through its hysteresis loop and eddy current 
power loss results from the induction of circulating currents 
within the magnetic material, the total iron loss can be 
represented 
(70,71) 
as 
Pi = alf + blf2 (C. 1) 
and the iron-loss torque is 
Ti = a2 + b2f (C. 2) 
where a is a function of volume of material and peak flux 
density 
and b is a function of volume of material, r. m. s. flux 
density squared, lamination thickness squared and 
resistivity of the material. 
The difference between the total loss torques and 
mechanical loss torques in Fig. C. 4 represents the iron loss 
torques which fit the typical iron-loss torque frequency 
variation given by equation (C. 2). 
The oscillograms shown in Fig. C. 5 are the integrated emfs 
obtained from search coils wound on the main pole, yoke and 
interpole of the stator core. The. average flux densities at 
those parts were calculated and are used in the stator loss 
calculations of the following section (d). 
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(d) Stator Loss 
With the previous measurements of the total iron losses 
showing little difference for the two stator cores, further 
investigation of the subdivision of the losses was necessary. 
Measurements of losses in the stator yoke were carried out by 
using a distributed toroidal winding around the yoke, as shown 
in Fig. C. 6. This arrangement, without the rotor, ensures that 
the majority of the flux linkages are confined to the yoke. 
A power measurement technique shown in Fig. C. 7 is used for the 
stator iron loss experiment. The output voltage of the A. C. 
filter is given as 
N1 I 
VZGXYGAC dt2c 
Rc 
Cosa (C. 3) 
The iron loss is expressed as 
N2Ic 1 dý Pi 2 N1 dt cosy 
N2 V2 
_2 
N1 GXYGACRc 
where N1 is the number of turns on the search coils 
(C. 4) 
N2 is the number of turns on the excitation coils 
GXY is the gain of the analog multiplier, and equals 0.1 
GAC is the gain of the A. C. filter, and equals 10 
Rc is a dummy resistor, and equals 0.1i 
cosa is the power factor. 
The solid lines in Fig. C. 8 show the measured loss per 
cycle for the Losil 800 stator. Measurements were made at flux 
densities corresponding to those measured in the different. parts 
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of the stator under open-circuit conditions when the rotor was 
driven. The losses for the appropriate material, yoke volume 
and flux densities have been extracted from the manufacturer's 
data and are shown as points in the figure. The measured losses 
and the losses obtained from the manufacturer's data for the 
Transil 335 stator are also shown in Fig. C. 8. The results show 
that the measured losses are less than those obtained from the 
manufacturer's data. Possible reasons for this difference in 
the losses are variations in material properties due to the 
effects of stamping on material properties, and the non-uniform 
cross-section of the yoke causing the flux density to be lower 
than that stated. 
It can be shown(72) that the eddy current loss per unit 
volume in a stack of infinitely long and wide laminations is 
given as, 
ßg/2 
82 sinh(S) - sin(a) 
Pe 
-cosh(6a) a3 
Wm-3 (C. 5) 
42- cos (h ) 
where w is the angular frequency 
B is the peak average flux density per lamination 
a is the lamination thickness 
p is the resistivity 
V is the relative permeability at flux density B 
S is the skin depth, and equals 
2p 
upow 
Using equation (C. 5), the eddy current loss per cycle is 
predicted for the two stator cores at the various flux densities 
and frequencies. The results which exclude hysteresis loss are 
plotted as broken curves in Fig. C. 8. The gradients of the 
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measured and predicted curves in Fig. C. 8 are different, 
suggesting poor agreement in the eddy current loss. However 
they show the same order of magnitudes. 
" Using the measured stator yoke loss in Fig. C. 8 and 
allowing for suitable changes in flux density at different 
sections of the stator, the total stator iron losses have been 
estimated and shown in Fig. C. 9. 
(e) Rotor Loss 
With a search coil wound around a rotor pole and the 
open-circuit stator rotating, the waveform of the flux pulsations 
in the rotor due to the changing working permeance, as discussed 
in section (b)(i), is shown in Fig. C. 10. The measured waveform 
has been synthesized to determine the relative magnitudes and 
phases of the harmonics and the result is given in Fig. C. 10. 
With such a complex rotor geometry it would be extremely 
difficult to predict the hysteresis and eddy current losses due 
to the flux pulsations. However, an approximate estimate of the 
eddy current loss can be predicted by making the following 
assumptions; 
(i) The flux variation of Fig. C. lO is uniform in the rotor 
shown in Fig. C. 11. 
(ii) The single valued working permeability is the recoil 
permeability of Cobalt, v recoil' 
(iii The total power loss includes the harmonic power losses. 
(iv) The eddy currents at the fundamental frequency and 
higher harmonics do not interact with each other. 
(v) The rotor is infinitely long and wide. 
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By modifying equation (C. 5), the eddy current loss is 
given as 
9 wn 
3/2 
n2 -Binh 
(. an) -sin( sn) loge (r1/r2) 
n=1 4 2puourecoil cosh( )-cos(6 )6 
nn 
where n is the harmonic number 
ýn is the flux linkage of harmonic n 
03 n 
is twice the stator winding frequency 
Only harmonics up to the ninth were considered because 
higher order harmonics could not be determined accurately using 
the synthesizing technique. The measurement of harmonics can 
be improved by modifying the test rig, such that the stator 
can be driven at constant speeds, and using a spectrum analyser. 
The predicted eddy current loss in the rotor is compared 
with the stator loss in Fig. C. 9. The results show that the 
rotor loss is significant, although the theory used in the 
calculations is not refined and-will not give accurate results. 
(f) Discussion Of Results 
By subtracting measured mechanical loss from the 
measured total loss in Fig. C. 4, the measured iron losses for 
the Cobalt rotor with the two different stators are compared 
with the predicted iron losses (stator plus rotor) in Fig. C. 9. 
The spread of predictions is very small and compares favourably 
with the spread of measured losses. 
The. study has shown that the rotor iron losses are much 
higher than those of the stator. Hence the reduction in total 
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iron losses is small when the existing stator material is 
replaced with Transil 335. Obviously the use of a Transil 335 
stator core is not cost-effective because of the higher material 
cost. 
Since the generator is complex in geometry and the rotor 
has complicated flux pulsations, eddy current loss predictions 
based on a one-dimensional model and a sinusoidal flux density 
cannot be very accurate. Other possible reasons for the 
difference between measured and predicted iron losses are : 
(i) variations in lamination properties after stamping 
(ii) changing permeabilities with instantaneous alternating 
flux densities due to hysteresis 
(iii) the interaction of harmonic eddy currents which tends to 
reduce the effective skin depth and cause an increase in 
eddy current loss 
(iv) the neglect of hysteresis loss in the rotor material. 
Other causes of such discrepancies have been proposed 
by past workers(73-78) researching into iron loss mechanisms. 
Possible explanations suggested by them are : 
(i) flux distortion in each lamination even-though the total 
average flux density is sinusoidal 
(ii) distortion in hysteresis loops at high frequency giving 
an increase in hysteresis loss. 
Finally a literature survey has failed to uncover any 
iron loss investigation for permanent magnets. This has 
hindered the complete understanding of iron loss mechanisms in 
the generator. 
reference since located 
81 
190. 
APPENDIX D 
COMPARISON OF GENERATORS HAVING SINGLE-PHASE AND 
THREE-PHASE WINDINGS 
fi (a) Single-Phase Winding 
The geometry of the single-phase generator is assumed, to 
be that shown in Fig. D. l in which the stator has a3 coil 
concentrated winding. With the coils connected in series, the 
peak flux linkage is given as, 
K1 = NKAA = 3KAA (D. 1) 
where KAA is the flux linkages per coil. 
As the coils are identical and the self-inductance per 
coil is Lam, then the total stator inductance is 
L1 = N2LAA = 9LAA (D. 2) 
(b) Three-Phase Windings 
Fig. D. 2 shows the geometry of the generator modified to 
accommodate a three-phase winding. The total induced voltage 
in stator phase A, with all three phases excited, is 
di di di A B LAA dt +LAB dt +LAC dt CD. 3) 
where LAB and LAC are mutual inductances. 
Since there is a 1200 electrical spatial displacement 
between the phases, the mutual flux due to currents in phases 
B and C will be demagnetising on phase A when positive currents 
flow in phases B and C. For a sinusoidal fliix distribution, 
neglecting leakage, the mutual inductance is expressed as 
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_ 
AA (D. 4) M= LAB = LAO = LAA cos12O0 
L 
since all the phases are identical. 
For a balanced load, 
iA+iB+iC =0 (D. 5) 
By substituting equations (D. 4) and (D. 5) into equation 
(D. 3), the total induced voltage in phase A is 
diA LAA d(-iA) 
3 di A LAA dt 2 dt 2 -AA dt (D. 6) 
From equation (D. 6), the apparent inductance detected at 
the phase terminals is 3/2 times the value measured with only 
that particular phase A excited. Therefore the effective 
inductance per phase is 
L3' =2 Lý (D. 7) 
The peak flux linkage per phase is given by 
K3 = ,K AA 
(D. 8) 
(c) Comparison of Tmax 
The peak torque of the single-phase generator is 
K2 K Tmaxl L1 Lý 
(D. 9) 
whilst that for the three-phase generator is given as 
2 2K2 
Tmax3 =3xL3=L 
A' (D. 10) 
AA 
Hence, 
(D. 11) Tmax3 2T 
max, 
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(d) Conclusion 
With three-phase windipgs, it has been shown that a 
doubling of Tmax is possible compared to that for a generator 
with a single-phase winding. An identical result would be 
obtained for pole numbers other than two. 
A three-phase generator with a single-phase load will 
require a three-phase, full-wave rectifiers as shown in 
Fig. D. 3. The additional rectification circuitry will increase 
both the cost and the ohmic losses, and reduce the reliability 
of the system A three-phase distributed winding will require 
a completely new design of stator lamination. Because of the 
high tooling, cost which would be involved, and the lower 
reliability-of the three-phase generator, it was decided to 
retain a single-phase desigfi for the 250W generator. 
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APPENDIX E 
PROTECTION CIRCUITS 
Various electronic circuits were considered for switching 
a load resistor RD across the stator terminals in the event of 
bulb failure, hence preventing the-generator from over speeding. 
A protection circuit has been developed which is simple 
in design, uses very few components and, most important, is low 
in cost. All the circuits which were considered used a Triac 
as the main switching element. 
(a) Design 1 
By analysing the circuit given in Fig. E. l, the triac 
gate voltage is given by 
Vg = V2 (R2 
,R R3) (R R RS) - V6 
R4 (E. 1) 
If R2+R3 = R4+R5, then 
Vg = V2R3 -V6 
R4 (E. 2) 
During normal operating conditions, the differential 
circuit ensures that Vg< vgtj the voltage required to fire the 
triac. When the bulb fails, V6 =0. From equation (E. 2), V9 
will increase and trigger the triac when Vg > Vgt, hence 
loading the generator with RD. 
Disadvantages: 
M RD has to be about 10 to ensure that there is sufficient 
voltage supply to the op-amp 
(ii) High component count, hence expensive to manufacture 
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(iii) High values of electrolytic capacitors, which have low 
MTBF, are required. In the. event of a capacitor 
becoming short-circuited they could cause dangerous 
sparks because of their high stored energy. 
Advantages: 
(i) Positive detection circuit 
(ii) Circuit design is not critical to component tolerance 
(b) Design 2 
Fig. E. 2 shows a design which uses a latching circuit to 
trigger the triac. Under normal operating conditions, V =0. 
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If the bulb fails, voltages V, and V2 rise. This in turn 
increases V3 to change the flip-flop circuit from state '0' to 
Ill and so triggers the triac. 
The disadvantages and advantages of this design are the 
same as those given for design 1. 
(c) Design 3 
With the bulb in circuit the secondary output voltage of 
transformer Tr in Fig. E. 3 keeps triac T2 on and triac Tl off. 
In the event of bul-b failure, T2 switches off and Tl is 
triggered. 
Disadvantage:, 
M Needs a-transformer as a sensor, which could be bulky 
and costly 
Advantages: 
(i) Low in component count 
(ii) Positive detection circuit 
(iii) Simple in design 
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(d) Design 4 
Fig. E. 4 shows a circuit which uses a thermal sensor RT 
as a detector. Typically, RT could be 1000 at temperatures 
00 above 70 C and 10M at temperatures lower than 40 C. RT is 
attached to the bulp envelope for better thermal contact. 
With a working bul. b, the heat from the bulb will reduce RT and 
the gate voltage, which is less than vgtj is 
V= C- V 
!i 
(E. 3) 
ýg 
VL RTfRj L R1 
When the bul. 4 fails, the compressed air will cool the 
thermal sensor RT. This will cause the gate voltage to rise to 
vg = VL (E. 4) 
which in turn triggers the triac. 
Disadvantages: 
(i) Thermal delay time might be excessive 
(ii) Mounting difficulties df RT to bulb if bulb needs to be 
changed 
Advantage: 
(i) Simple in design 
(ii) Low in component count 
(e) Design 5 
By replacing the thermal sensor RT of design 4 with a 
light dependent resistor LDRj the circuit is modified to that 
shown in Fig. E. 5. With an operating bulb, the light will keep 
the resistance of LDR low. This in turn causes the gate 
voltage V9 to be less than v gt and 
triac T1 off. When the 
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bulý fa. ils, the resistance of LDR increases and causes the 
voltage v to rise which triggers the triac. Tests have shown 
.9 
that this circuit works. 
e 
Disadvantages: 
(i) LDR has to be mounted in a suitable position to prevent 
high ambient light from de-activating the circuit 
Inspite of the bulb being force cooled, the thermal 
time constant of the bulb will cause the light output 
to decay gradually so that there will be a delay 
between bulb failure and the triac being triggered. 
Advantages: 
. 
(i) Simple in design 
(ii) Sensor needs no direct contact with the bulb 
(f) Design 6 
Fig. E. 6 shows a protection circuit which uses transient 
voltages to switch on the triac. During normal bulb operation, 
the impedance of C is sufficiently high to prevent the triac 
from triggering. When the bulb fails, there will be a transient 
voltage at the triac gate terminal sufficient to trigger the' 
triac. 
Advantages: 
(i) Simple in design 
(ii) Almost instantaneous triggering of triac 
(iii) No sensors required 
This circuit was finally-selected for the protection of 
the generator. The design is considered in detail in Section 
7.5. 
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PART 
SUMMARY 
The work described in the second part of this thesis is 
concerned with studies of the dynamic oscillatory behaviour of 
miniature permanent-magnet synchronous motors. 
A linear mathematical model previously developed for 
analysis of the constant speed performance of these motors has 
been extended to include the effects of speed oscillations about 
their mean synchronous speed. Whilst the model successfully 
predicted the peak torque available from the test motor for 
the non-oscillatory case, and provided magnetic saturation was 
avoided, it did not accurately model the motor at other 
opqrating conditions. 
Experimental work has shown that ir. on-losses due to 
hysteresis in the stator magnetic material is significant in 
these motors and a new model including the effects of hystere- 
sis has been developed. This latter model gives good agreement 
with test results. 
A number of novel experimental techniques are described 
in the thesis. 
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hysteresis angle of reference generator W--ýr 
1. 
rT. TIAT)Ir, pr) I 
INTRODUCTION 
1.1 Miniature'Synchronous Motors 
Miniature synchronous motors are single-phase units having 
rotor speeds which are synchronous to the mains frequency. Their 
typical power ratings range from 0.05W to 5W. Due to their small 
size, high output torque per unit volume, synchronous running and 
low manufacturing cost, these miniature synchronous motors have 
found many applications, such as: 
(i) Clocks and timing devices for industrial applications 
(ii) Programmers in washing machines, cookers, etc. 
(iii) Control devices and motor-driven valves in heating and 
air-conditioning systems 
(iv) Registering instruments 
(v) Cooling and extractor fans 
(vi) Drive motors for cassette units and turntables 
The annual consumption of these motors in the European 
(2) 
market alone exceeds 10 million units 
The majority of these motors have a multi-polar permanent 
magnet rotor made of high coercivity ferrite material. The 
stator soft iron magnetic circuit generally consists of two 
end-plates-from which the pole fingers are punched and bent 
perpendicularly inwards, and an annular cover to bridge*the two 
end-plates as shown in Fig. l. l. The excitation is provided by a 
single coil wound around a plastic moulded bobbin. The stator 
pole fingers produce a multipolar radial field from the axial 
2. 
coil mmf. The resultant pulsating field can be resolved into two 
cons tant-amplitude counter-rotating components termed the - forward 
and backward fields of the motor. With the motor at rest, the 
forward and backward rotating fields produce no net unidirectional 
starting torque. Starting is achieved in many motors by relying 
on rotor oscillations at standstill being sufficiently large to 
eventually accelerate the motor to synchronous speed. However,, 
such motors have no preferred starting direction and various .' 
mechanical devices are used to prevent rotation in the unwanted 
direction. Improved unidirectional starting and consequent 
elimination of these mechanical non-reversing devices can be 
achieved by using shading rings to produce a quasi two-phase 
excitation with a net resultant starting torque. Another, more 
expensive, method of producing a two-phase excitation is by using 
two axially displaced half stators having separate coils, a 
common rotor and pole fingers displaced in space by w/2 electrical 
degrees. One of the coils has a suitable capacitor connected 
either in series or parallel with it to create a phase shift in 
its excitation current with respect to that in the other coil. 
This method can be very effective in reducing the counter rotat- 
ing backward field but because of manufacturing tolerances does 
not eliminate it. By switching the capacitor to the other coil 
a reversible drive can be achieved. 
1.2 Oscillation Studies 
When the motor is running-synchronously with the forward 
field the backward field produces a pulsating torque. In 
addition the salient pole stator structure causes the rotor to 
3. 
experience a puls ating saliency torque. This saliency torque 
combined with the backward field torque results in rotor speed 
fluctuations about the synchronous speed. 
These speed oscillations can lead to reduced output power 
and also excessive noise and wear associated with coupled gear 
boxes,, etc. The amplitude and frequency of the oscillations for 
a specific motor are a complex function of a number of variables 
such as load torque, coupled inertia, supply frequency and 
voltage. 
ScherrLmann (3) has studied similar oscillatory behaviour in 
much larger and unshaded synchronous motors and has published 
work on an analogue simulation of them. Other work' 
(6) 
undertaken 
in this Department has studied the steady-state non-oscillatory 
performance of the miniature synchronous motor but no analytical 
study of the oscillatory behaviour is known. Previous experi- 
mental. work 
(7) 
and Schemmanns, results show that the nature of 
the oscillation is complex. Under certain combinations of load 
and supply'the motor can exhibit unstable operation resulting in 
loss of synchronisation or sporadic motion with zero mean speed 
During stable operation the rotor oscillation about synchronous 
speed can have different oscillation frequencies or combinations 
of frequenciesl depending on such parameters as the supply 
current, load inertia and load torque. Schemmann has observed 
that for a supply frequency of 5OHz the oscillation frequency can 
contain 25Hz, 33ý3Hz, 5OHz or 10OHz'components. Previous work 
in, the Department has verified the 5OHz and 10OHz components. 
With so many different possible modes of oscillation the analysis 
in this thesis has been restricted to the study of oscillation 
4. 
at twice supply frequency since this can be the predominant 
component for many machines. 
Initially the linearized . steady-state model(G) was extended 
to cover the oscillatory behaviour of the motor. - However,, results 
suggested that even at low excitation levels, the effect of 
hysteresis in the stator iron was significant. A model based on 
the-d-q axis theory but including hysteresis has shown that the 
performance of the motor can be predicted with good accuracy. 
Chapter 4 describes the experimental arrangements and the various 
techniques used for determining the machine parameters and 
performance. 
1.3 Construction of Test Motor 
The motor used in the study is manufactured by Impex 
Electrical Limited (model number 9904-111-04 series - AU5051). 
The specification'of the motor is given in Table 1.1. 
The motor is designed as a reversible capacitor motor. 
It has two stator coils and a capacitor. The coils and capacitor 
are connected either in series or parallel arrangement as shown 
Fig. 1.2. 
Fig. 1.3 shows the motor unit and its capacitor. Below the 
motor, from left to right, are the various components of the 
motor which are the stator coil, the end-plate separating the two 
stator coils, the permanent magnet rotor and the second stator 
cbil. 
This motor is chosen for the investigation because its pole 
structure is regular compared, to that in shaded pole motors(6). 
5. 
In addition the phase of the excitation current can be varied 
with respect to that in the other coil. 
Table 1.1: Sp6cification of test motor 
Capacitor ....... .... I. . 
4.3pr 
Power. rating .... .... ....... 
1.8VA 
Rated current in each 
stator coil 3 8mA 
Voltage rating of motor 
for stator coils in: - 
series arrangement 24V 
parallel arrangement 48V 
Permanent magnet material. , Barrium, ferrite 
Number of pole pairs 12 
6. 
CHAPTER 2, 
LINEARIZED MODEL 
2.1 "Analysis of Non-Oscillatory Case 
The following analysis in miniature synchronous motors is 
based on previous work undertaken in the Department 
(6,, 7) 
and the 
following assumptions are made: 
(i) Spatial flux harmonics are negligible 
(ii) Hysteresis-and eddy current effects are neglected 
(iii) Excitation current in the stator coil is sinusoidal 
Uv) Saturation effects are neglected 
The analysis is limited to the case of a single coil 
(single-phase) excitation of the two-coil motorr the second coil 
remaining open-circuited. 
2.1.1 Equivalent circuit model 
Based-on the above assumptions the motor is modelled as 
an equivalent circuit given in Fig. 2.1. From the equivalent 
circuit, the voltage equationAs written as: 
d 
=AR + Tt-(Li+fl 
where i is the current in the stator coil 
R is the coil resistaýnce 
L is the self-inductance of the coil and it can be assumed 
to be independent of rotor position because the effect- 
ive permeability of the ferrite rotor is almost unity 
lp is the flux linkage between the rotor magnet and the 
stator coil. 
7. 
Fig. 2.2 shows the difference between the waveforms of the 
current in the stator coil when the motor is excited from either 
a voltage source or a current source. From the figure it can be 
seen that with a voltage sourcey the current waveform is 
distorted. This distortion is caused by non-linearities in L 
due to saturation of the stator iron and hysteresis. Hence to 
avoid these non-linearities, as well as have a sinusoidal 
excitation current i to simplify the andlysis, the motor is 
supplied from an a. c. current source. Using the current as the 
reference phasor, it is expressed as 
I=I cos(wt) (2.2) 
where I is the peak current 
w is the angular frequency and equals 2nf 
f is the supply frequency 
With the rotor running at a steady: speed this can be 
expressed as 
dO w 
dt p 
where the instantaneous position is 
pe = wt+X 
and X is the relative angle between the rotor and stator 
reference axes. 
(2.3) 
(2.4) 
Neglecting space harmonics, the magnet flux linkage for 
ap pole-pair motor can be expressed as 
h 
sin(pO) p (2-5) 
h 
sin(wt+X) =h cos(wt+X--Z) (2.6) pp2 
ß. 
and the. induced emf is then 
ý2± = 
kw 
cos(wt+X) (2.7) dt p 
Fig. 2.3 shows the phasor diagram of dý/dt and V w. r. t. the 
reference phasor I. The angle. X is defined as the load angle and 
is the angle by which dý/dt leads I. 
2.1.2 Torque -expressions 
With the stator coils open-circuited and the rotor free 
to rotatel the rotor will align itself at a position relative to 
the stator where the reluctance of the magnet flux path is a 
minimum. If the rotor is displaced slightly from that position 
a saliency torque will develop and return the rotor to the 
initial 'rest' position. The saliency torque is proportional to 
(11) the airgap flux density squared and the displacement angle 
With the rotor rotating at a constant speed 6 the saliency 
torque will be zero at positions of minimum and maximum reluct- 
ance, as shown in Fig. 2.4. These two*positions correspond to the 
positions where the magnet flux linkage ý is maximum and zero 
respectively. From equation (2.5), V=O when pO=n7T and will be 
maximum when p6=nn/2j where n is an integer. 
The saliency torque can therefore be expressed in the 
fom 
T 
rl 2- 
Tr sin(2pe) (2.8) 
With the second stator poles displaced by a the saliency torque 
of the second stator is then 
T 
r2 =Tr sin2(PO+a) 
(2.9) 
9. 
where the two stdtors are assumed to be identical. 
Thus the total saliency torque of the motor is 
T +T T sin(2pO)+T sin2(pe+a) rr * r2 rr 
4'ý 
=Ts cos2 (p6+y) (2.10) 
where Ts is the resultant maximum saliency torque of the two 
stators and equals 
2T 
r cos(a) 
(2.11) 
and 2y = a--ff/2 (2.12) 
If the poles of the two stators are displaced by exactly 
Tr/2, the saliency torque of one stator will be equal and opposite 
to that of the other stator such that, from equation (2.11), 
Ts= 2T 
r cos 
(7/2) (2.13) 
Howevero, because of manufacturing tolerances, it is unlikely that 
a can be exactly 7/2. For example for a p=12 motor a tolerance 
of ±10 electrical will demand a production system capable of 
assembly to ±1/120 or ±0.08 0 mechanical displacement between the 
two stator halves. 
The electromagnetic torque produced can be expressed 
as 
(118j9) 
idp dO 
and thus the total torque acting on the rotor is then 
cos2(PO+-y)+idý s d6 
N 
Substituting equations (2.2)1(2.4) and (2.5) into 
(2.14Y 
(2015) 
equation (2.15),, it can be shown that 
lo. 
T cos2(wt+X+y) +h-, cos(2wt+X) +hI cos(X) 
-s22 
Equation (2.16) shows that there is an oscillatory torque, 
at twice the suppl3r"frequency, superimposed on the average torque 
which is 
cos (X) (2.17) 
For a given motor the parameter k is fixed by the magnet mmf and 
the number of turns in the stator coil. At a given excitation 
current I the load angle X is determined by the load torque 
applied to the motor. From equation (2.17) X=w/2 corresponds to 
zero applied torque and the maximum theoretical torque available 
occurs when X=O. This torque is termed the peak torque T+ which 
is given as 
kI I 
F Cos 
k2 
f or -X=O 
18) 
If the load torque exceeds T+ then the rotor will drop out of 
synchronism and stall. 
2.2 Extension of Analysis to Include Oscillations 
Assuming that the rotor has a single oscillation frequency 
of amplitude C and an angular frequency w0 about its mean 
synchronous speed then the instantaneous angular position is 
PO = wt+X+C cos(w Ot+a) 
(2.19) 
giving a speed of 
dO w 
dt p -C-ý-2 sin(w Ot+a) 
(2.20) 
p 
and an acceleration of 
d 20 = -C 
w0 
cos(w t+a) (2.21) dtz P0 
ii. 
Substituting equations (2.2),, (2.19) and (2.5) into 
equation (2.15), the electrical torque acting on the rotor is 
rewritten as 
T=I cos(wt)k cos(wt+X+C cos(w t+O)), 0 
+T 
s cos2(wt+X+y+C cos(w Ot+a)) 
(2.22) 
This torque must be balanced by a mechanical torque which 
in general will take the form, 
T+ DýI-o + 
d26 (2.23) L dt Jd-t-i 
where TL is the load torque of the system 
D is the damping torque coefficient of the system 
J is the inertia of the system 
With a smooth cylindrical rotor there is negligible 
windage loss. The damping torque coefficient D will therefore 
be small and has been assumed to be zero in order to simplify 
the analysis. By substituting equation (2.21) into equation 
(2.23), the mechanical torque is then 
2 
TL+J (-CF- Cos (w Ot+a)) 
(2.24) 
2.2.1 Prediction of oscillation frequencies 
To predict the oscillation frequency wo the electrical 
torque expression given in equation (2.22) is solved analytic- 
ally and equated to the mechanical torque given in equation 
-(2.24). To simplify the electrical torque analysis C is assumed 
to be small but still finite. Using Bessel functions of first 
% 5) 
orde given in Appendix A,, and neglecting terms higher than 
second order Bessel functions, the electrical torque is 
12. 
expressed as 
T'= kI cos(wt)F cos(wttX){JO(C)-2 
, 
32(C)Cos(2w 
ot+20)) 
-sin(wt+X){2j, (C)cos(w 0 
t+a)l 
+Ts C cos (2wt+2 X+2y) {Jo (2C) -2J2(2C)cos (2wot+2 
-sin (2 wt+2 X+2 y1 {2 J 1(2C)cos (w Ot+a) 
(2.25) 
T+J (C) {cos (2wt+X) +Cos M 
0 
-T 
+ J2(Cl{cos(2w t+2wt+2$+X)+cos(2w t-2wt+20-X) 
00 
+2cos(X)cos(2w 
0 
t+2a)) 
-T 
+ JI(Cjfsin(2wt+w t+X+$)-sin(w t-2wt+$-X) 
00 
+2sin(X)cos (w 
0 
t+O)l 
+T 
sJ0 
(2C) cos (2wt+2X+2y) 
-T J2 '(2w s 
(2C)IcbS 
0 
t+2wt+2a+2X+2y) 
+cos(2w 
0 
t-2wt+2$-2X-2y)) 
-T s 
Ji(2C){sin(w 
0 
t+2wt+0+2X+2y) 
sin(w 0 
t-2wt+a-2X-2y)j (2.26) 
From equation (2.26) the electrical oscillatory torques 
have oscillation frequencies of 
M 2w 
(ii) 2w 
0 
+2w 
(iii) 2wo-2w 
Uv) 2w 
0 
(v) w0 +2w 
(vi) w -2w 
(Vii) w0 
(Viii) 2w 
or 2w-2w 0 
or 2w-w 0 
(2.27) 
By equating the various oscillation frequencies given 
in equation (2.27) to the oscillation frequency of the mechanical 
torque w0 in sequence, it can be shown that the predicted 
oscillation frequencies are 
13. 
w2 or 2w (2.28) 0 3-' 
In equation (2.26) the oscillatory torques with the terms 
1 0- 
(C) and J0 (2C) have the largest amplitudes and are likely to. 
predominate. Hence the predominant oscillation frequency is 
then w0= 2w. 
2.2.2 Torque analysis for an oscillation frequency of twice 
supply frequency (wo = 2w) 
Analysis given in the previous section has shown that the 
predominant oscillation frequency is likely to be w0= 2w and 
substituting for w0= 2w. in equations (2.24) and (2.26) gives 
w2 
TL- JC 
L- 
cos (2wt+a) p 
T+ Jo (C) (cos'(2wt+)L) +cos ()L) )-T+ J2(C)cos(2wt+2$-%) 
+T+ JiMsin(O-X) - 2T 
+ JI(C)sinXcos(2wt+$) 
+T 
SJ0 
(2C)cos(2wt+2X+2y)-T 
S 
J2(2C)cos(2wt+20-2X-2y) 
-+T S 
Jj(2C)sin(O-2X-2y)+... (other terms related to 
frequencies of 4w and 6w) (2.29) 
Neglecting the terms having frequencies of 4w and 6w the 
R. H. S. and L. H. S. of equation (2.29) can be compared. The time 
invariant term gives the aveýage torque, thus 
TL=T+J0 (C)COS(X) - T+J, (C)sin(X-O)-T s 
JI(2C)sin(2X+2y-$) 
(2.30) 
Similarly the sin(2wt+a) and cos(2wt+ý) terms can be equated on 
both sides to give 
-T 
+ (1 
0 
(C)+J2(C))sin(; k-a) -Ts (1 0 
(2C)+kTz(2C))sin(*2X+2y-0) = 
(2.31) 
14. 
for the former while those with the term cos(2wt+o) give 
-ic 
4 U)2 
=T+ (i 
. 
(C)' LT2 (C) ) COS OL-a) - 2T 
+ 
ii(C)sin(X) 
p0- 
Ts (1 
0 
(-2C)-IT2(2Cýcos(2X-2y-a) (2.32) 
Substituting for Ts sin(2X+2y-0) from equation (2.31) 
into equation (2.30) gives 
TL =T+ JO(C)cos(X) -T+ JiMsinoL-O 
Ji(2C)T + 
(1 
0 
(C)+J2(C)) 
sin(X-0) (2.33) (1 
0 
(2C)+j2(2C)) 
=T+ (1 0 
(C)cos(X) + ii(C)sin(X-a)) (2.34) 
where Ji(2C)(j (C)+J2(C))/(tT (2C)+%T2(2C)) = 2jl(C) as shown in 00 
Appendix A. 
Equation (2.34) shows that the average torque is related 
to rotor oscillations via J0 (C) and Ji(C) and this explains 
analytically how the average torque is affected by rotor 
oscillations. For small oscillations where the first term of 
equation (2.34) predominates, it is likely that the torque 
decreases as rotor oscillation increases, provided X and $ are 
unchanged. 
2.3 'Measurement'and Prediction'of Maxim=*Torque 
. Obtainable From the Rotor 
Analysis in section 2.2.2 has shown that the average torque 
is affected by oscillation. Hence a high coupled inertia was 
used to reduce rotor oscillation so that the maximum average 
torque obtainable could be measured using the experimental set- 
up described in section 4.1. A D. C. generator with a constant 
15. 
cI urrent output was used to load the motor with a torque TL* 
The load torque TL was increased via the constant current 
control of the D. C. generator with the rotor stalled. At the 
point when the rotor just stalls it can be assumed that the 
average torque acting on the rotor has a magnitude approaching 
its peak value and the load angle X is near zero such that 
kI 
cos(X) = 
k, 
= T+ =T 22 LS (2.35) 
where T LS is the minimum 
load torque required to just stall the 
rotor. 
With an inertia of J- 200 X 10-7 kgm; which is 19 times 
the rotor inertia, tests were undertaken to measure the value 
of T LS 
for different excitation currents I at a supply frequency 
of 50Hz. Fig. 2.5 shows the variation of T LS with I. From the 
graph it can be seen that for-the case of T LS 0, i. e. when 
the D. C. generator is not loading the motor, the rotor stalls at 
excitation currents less than I= llmA. This suggests that 
there is a self-imposed load or drag torque due to friction, 
windage and iron losses acting on the rotor. By extrapolating 
the curve to the I=0 axis this drag torque TD is estimated as 
12 x 10 -4 Nm. Further investigations on the loss components 
which cause the drag torque are undertaken in section 2.4. 
Referring to Fig. 2.5j at high excitation currents saturation in 
the magnetic circuit takes place and causes the gradient of the 
graph to decrease. Studies in section 3.5 have confirmed that 
for I> 60mA, the magnetic circuit of the stator iron begins to 
saturate. 
16. 
Measurements of T LS against I were repeated at supply 
frequencies of 30,40 and 60Hz. The results, also plotted in 
Fig. 2.5,, show that changes in sup*ply frequency have negligible 
effect on the values of T LS* By extrapolating the test results 
for each supply frequency to the I=0 axis the drag torque is 
again estimated as 12 X 10-4NM for all the cases. Since the 
estimated drag torque is constant. over the supply frequency 
range of 30 to 60Hz, it verifies that the mechanical damping 
torque D6 can be assumed to be negligible. Tests have shown 
that the values of T LS were the same 
in both directions of . 
rotation over the test frequency range. This is expected since 
the forward and backward rotating fields should-have equal 
amplitudes. 
From equation (2.35) it can be seen that with a known 
value of k, the variation of T LS with I can be predicted. Using 
the experimental*procedure described in section 4.8 the values 
of k for the two stators were measured. Test results show that 
k values of both stators have equal magnitudes of 218 x 10-3 
Nm/A. This confirms that because of symmetry in the two halves 
of the motor the k values are the same. 
Since the tests above have shown that there is a drag 
torque TD acting on the rotor,, this suggests that the torque 
expression should be modified such that 
T+ 
kI 
Cos W L (2.36) 
Assuming that at the point when the rotor stalls the 
load angle*X is zero, the load torque required to stall the 
rotor is then - 
T 
kI 
-T (2.37) LS 2D 
17. 
By using the measured k value and estimated value of TD in 
equation (2.37), the variation of T With I is predicted and LS 
plotted in Fig. 2.5. At low current levels, the predicted and 
measured values of T LS show close agreement, and obviously at 
high current levels the predicted values are higher than the 
measured values because saturation in the stator iron has 
reduced the value of k. Thus to avoid saturation and hence 
satisfy assumption (iv) in section 2.1, future motor tests were 
confined to excitation levels of I< 60mA. 
2.4 Investigations Of Drag Torque To Identify_Its Components 
In the torque analysis of section 2.1.2 both the 
hysteresis and eddy current losses were neglected. However due 
to the rotating magnet there will be iron-losses in the stator 
resulting in a drag torque Ti acting on the rotor. 
Since eddy current power loss is caused by the induction 
of circulating currents within the magnetic material and 
hysteresis power loss results from the cycling of its hysteresis 
loop, the total iron loss can be represented 
(l2rl3) 
as 
alf + b, f2 
and the equivalent iron-loss torque loading the rotor is then 
a2+b2f (2.38) 
where a and. b are constants for a given material and specified 
working flux density. 
In addition to the iron-loss torque there is a frictional 
component of the drag torque. The friction component has been 
subdivided into a component T fm due to the motor alone and a 
18. 
component T fr due to the 
friction torque is given 
TfT fm + 
2.4.1 -Measurement-of 
the motor (T i +1 
rest of the test rig. Thus the total 
by r; 
T fr (2.39) 
, 
the open-circuit drag torques, of 
T fm) 
The drag torque was measured using the 'swinging frame' 
(6) 
technique by measuring the torque required to restrain the 
stator. The shaft of the test motor was, coupled to'a d. c. motor 
and its other end supported by a pedestal bearing so that the 
stator, with open-circuit coils, was free to rotate. The rotor 
was coupled to a large inertia disc and driven at a constant 
speed by the d. c. motor. The stator reaction torque was then 
measured by a gramme-gauge attached to the stator casing. 
The total frictional drag torque in-the motor T- is fm 
caused by frictign in the two end bearings of the motor and two 
end-springs which hold the rotor in its correct axial location. 
For the measurement of T fm, Ti was eliminated by replacing the 
permanent magnet rotor with an identical axial length perspex 
rotor'so that the two end-springs were kept in their respective 
positions as in the test motor. The values of T fm were measured 
at different speeds. The results plotted in Fig. 2.6 show that 
the frictional torque T fm is a constant of, 3 x lO-4Nm. The 
experiment was repeated with the perspex rotor and two end-springs 
removed to determine the friction torque in the two bearings. 
The results also plotted in Fig. 2.6 show that the bearing friction 
is only 0.5 X 10-4 Nm and the difference between this curve and 
. 
-that of T fm represents the, frictional torque'due to the two end- 
springs. 
19. 
With the permanent magnet rotor reinserted and the two 
end-sp, rings assembled into their respective places in the test 
motor, the drag torque measurements were repeated. The results 
are plotted in Fig.. 2.6 for comparison purposes. Assuming that 
the frictional torque T fm remains the same at 3x 10-4NMI then 
the iron-loss torques can be calculated by subtracting the-drag 
torques for the case with the permanent magnet rotor from that 
with the perspex rotor as shown in the figure. This 'measured' 
iron-loss torque frequency curve in Fig. 2.6 fits the typical 
iron-loss torque frequency variation expressed in equation 
(2.38). The results show that the iron-loss due to eddy-currents 
is much smaller than that due to hysteresis and hence the eddy 
current iron-loss component can be neglected. Thus the drag 
torque due to iron-loss T 3. 
is estimated as 6x 10-4 Nm and can 
be assumed to be independent of speed. Since the rotor is made 
from powdered barium ferrite having a high resistivity, and 
since the recoil hysteresis loop of the material is very small, 
it can be assumed that all the iron-losses are confined to the 
stator iron only. 
2.4.2 Measurement of friction torque of the t. est rig 
. plus 
the motor. (T fT fr +T fm 
The friction torque of the test rig was measured using 
the same experimental system as used to measure T LS 
in section 
2.3. To eliminate the iron losses in the test motor, the 
permanent magnet rotor was replaced with the perspex rotor as 
described in section 2.4.1. The D. C. machine was used as a 
motor to drive the test motor and coupled inertia disc. With 
the rotor rotating, the current to the D. C. drive motor was 
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reduced until it stalled. At the point where it stalls, the 
rotating friction torque equals the torque produced by the D. C. 
motor. Results show that the rotating friction torque Tf of 
the test rig is 6.5. x 10-4NM. The large inertia disc adds an 
excessive force to the motor bearings and the test was repeated 
with the disc removed in order to check on the magnitude of the 
additional friction torque. With the disc removed, the friction 
torque Tf was reduced to 6X 10-4 Nm. 
2.5 Verification Of Oscillation Analysis 
2.5.1 Freguency and amplitude of rotoroscillation 
With the motor mounted on the experimental rig described 
in section 4.1 tests were carried out to determine the modes of 
rotor oscillations about synchronous speed at different current 
I, supply frequency f and inertia J. Results showed that there 
were mainly two possible modes of rotor oscillation. 
The most predominant mode of rotor oscillation observed 
was oscillations at twice the supply'frequency (w 0= 
2w) as 
predicted in section 2.2.1. The second mode consisted of two 
component frequencies of twice supply frequency and supply' 
frequency. This more complex oscillation can be expressed as 
!ý+ Ajcos(wt+ýI) + A2COS(2wt+02) (2.40) 
p 
This mode of oscillation only occurs at regions of low 
supply frequencies and low inertias, and analysis of this mode 
of oscillation is not covered in this thesis. 
Fig. 2.7 gives the oscillograms of current I and speed 0 
for the two different modes of rotor oscillation. The change 
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in oscillation mode from that of Fig. 2.7(a) to that of Fig. 
2.7(b) was quite abrupt with no intermediate stage. This is 
probably caused by the change in the stability of rotor 
oscillation due to the interacting torque expressions of 
equations (2.15) and (2.23). 
For the case when the rotor oscillation is w0= 2w, the 
amplitude of oscillation C has been measured at various 
excitation currents, supply frequencies and inertias. Fig. 2.8 
shows the plots of C against I. In the graphs there are upper 
limits of C for each case because above these points the mode 
of rotor oscillation changes to that described by equation (2.40). 
At I> 60mA, the gradient of the curves decrease, suggesting 
that C is affected by saturation in the stator iron. The results 
of Fig. 2.8 show that C is always less than 0.23 radians, hence 
verifying the assumption in section 2.2.1 that C is small. 
2.5.2 of predicted and measured 
electromechanical torgue components 
Studies in the previous section have verified that the 
amplitude of rotor oscillation'is small and the predominant 
oscillation frequency is w0 2w. The next stage was to verify 
the oscillatory and average torque expressions given in 
equations (2.30), (2.31) and (2.32). 
By rearranging equations (2.31) and (2.32), the saliency 
torque is given as 
T C-T + 
(jo (C) +J2 (C) )- 
sin (, X-a)3 
2+ 
S (1 
0 
(2C) +LT2 (2C) ) 
-JC4 a) 2 /p-T 
+ (1 
0 
(C) -J 2 (C) ) cos (X -a) +2T 
+ JI(C)sin(X) 
12 
(1 
0 
(2C) - J2(2C)) 
(2.41) 
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Investigations in section 2.3 suggested that the drag torque 
TD could be included in the torque analysis by considering it 
'as a constant extra load torque acting on the rotor, as shown 
in equation (2.36),. 
By including the drag torque into equation (2.34), the 
average torque equation is rewritten as 
TL +T D=T+ (1 0 
(C)cos(X) +. J, (C)sin(X-0)) (2.42) 
in equation (2.41), the terms on both sides of the 
equation-can be measured or calculated from measured values. 
Hence by checking that the L. H. S. of the equation equals the 
R. H. S.,, the accuracy of the oscillatory torque analysis can be 
established. Similarly the measured value of TL +TD in 
equation (2.42) should equal the value obtained by substituting 
for measured values of the variables in the R. H. S. of the 
equation. 
With known values of k and I. T can be calculated. The 
measurements of J and C are straightforward and their details 
are given in sections 4.4 and 4.6 respectively. The value of X 
is measured using a reference generator and. details of the 
experimental procedure are described in section 4.9. Since the 
oscillation frequency is twice the supply frequency, the measure- 
ment of a necessitates electronic circuitries to synthesize a 
reference signal having a frequency of 2w from the current signal 
which has a frequency of w. With this synthesizing technique to 
determine there is an instrumentation limitation because there 
are two possible values of 0 such that 
/ 
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(2.43) 
and S2 180 0 (2.44) 
Further details on the measurement of a are given in section 4.7. 
Using the measurement set-up described in section 4.1 and with 
the permanent magnet rotor in the motor, the saliency torque Ts 
was measured. The torque required to start'the rotor at stand- 
still has to overcome the torque Ts +Tf* Measurement has shown 
that Ts +Tf 14 X 10-4 Nm and since Tf has been measured as 
6x 10-4 Nm, the value of Ts is then 8X 10-4NM. 
For fixed values of f= 5OHz and J =. 15.5 x 10-7kgM2. 
the motor was tested at different excitation currents I for 
various values of load torque T Typical results of the test L 
are shown in Table 2.1. Fig. 2.9 shows the variations of pre- 
dicted TL +T D and. T s with 
I for R= 01 while Fig. 2.10 shows the 
corresponding plots for a= 02 . In Figs. 2.9 and 2.10 for a 
fixed applied torque TL +-T D the predicted torque TL+TD is 
not constant but increases linearly with I. Similarly the values 
of predicted Ts for the cases of $1 and $2r shown. in Figs. 2.9 
and 2.10, vary with current I and do not correspond to the 
expected constant measured value of Ts=8X 10-4 Nm. The 
measurements were repeated at f= 40Hz and 60Hz for TL=0 and 
14 X 10-4 Nm. Again the predicted TL +TD values shown in F. ig. 
2.11 increase with current and do not remain constant as expected. 
Clearly therefore this mathematical model is incorrect. 
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TABLE 2.1 
Measured parameters 
T I(mA) C (radians) X (de rees) 
0 degrees 
L 
............. .... 
g 
01 02 
-20.5 . 041 16.3 15.7 -164.3 
28.3 . 062 33.8. 30.2, -1.49.8 
34.0 . 075 43. 38.4 -141.6 
L0 42.4 . 093 48.6, 44.4 -135.6 
56.6 . 122 52.2 53.2 -126.8 
31 . 064 5 5 -175 
36.8 . 079 20.8 17.4 -162.6 
14 lO-4N 
42.4 . 092 28.6 27.1 -152.9 
x m TL 
48.1 . 102 33.6 31.9 -148.1 
-56.6 . 117 38.6 40.9 -139.1 
45.3 . 093 4.4 3 -177 
48.1 . 099 11.1 9.2 -170.8 
TL =28Xlo-4NM 50.9 . 107 15.9 15.2 -164.8 
53.7 . 113 19.6 19.4 -160.6 
56.6 
- 
. 119 I--- 
22.5 23.4 -156.6 I-I 
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To check. whether the discrepancy occurred only in the 
presence of oscillations, the inertia J was increased from 
15.5 X 10-7 to 200 x 10-7 kgm. 2 such that C -* 0. The average 
torque is then given approximately as 
TL+TD=T cos. (X) (2.45) 
The experiments were repeated for the same f and TL 
values as those shown in Figs. 2.10 and 2.11. The values of 
TL+TD were predicted'from the L. H. S. of equation (2.45) and 
plotted in their respective figures. The results show that the 
predicted average torque still varies linearly with current and 
thus eliminating the oscillations as the cause of the discrepancy. 
Tests in section 2.3 have shown that below saturation T 
varies linearly with I and hence the only possible error in 
equation (2.45) is in the eýffective value of X used to predict 
the magnitude of. the R. H. S. of the expression. However, 
assumptions regarding the sinusoidal waveform of ý were made 
previously in establishing equation (2.45). A check was made on 
these assumptions to show that flux harmonics did not contribute 
to the errors in the model. The results are given in Appendix B. 
Clearly therefore the linearized model is inadequate and 
further consideration of the torque mechanisms was undertaken. 
Analogue simulation studies by Bassyouni 
(6) had shown that for 
the non-oscillatory case a more accurate modelling of the machines 
could be achieved by inclusion of the effects of hysteresis loops 
of the magnetic circuit on the torque mechanism. It was decided 
, -therefore to attempt to develop an analytical model to include 
the hysteresis characteristic of the magnetic circuit. 
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CHAPTER 3 
MODEL INCLUDING HYSTERESIS EFFECT 
3.1 Introduction 
Studies in Chapter 2 have shown that the hysteresis 
effect in the stator iron is significant and this causes the 
linearized model to be inaccurate. In this Chapter a model 
based on the d-q axis theory but including hysteresis is 
developed. The hysteresis effect is taken into account by 
assuming the stator flux linkage lags its mmf by a hysteresis 
angle @ý 
3.2 Equivalent Circuit Model 
Assuming that the permanent magnet rotor can be modelled 
as anequivalent coil carrying a constant d. c. current I, then m 
the equivalent circuit model for, a 2-pole (p=l) machine is as 
shown in Fig. 3.1. With the rotor coil rotating at a constant 
speed 6(=w/p), the rotor sets up a rotating mmf. It is well 
known (l2jl3) that a rotating mmf can be produced by stationary 
coils carrying polyphase currents and thus the permanent magnet 
rotor is represented by a two-phase system carrying a. c. currents 
producing an identical rotating mmf to the original single 
rotating coil, as shown in Fig. 3.2. For equivalent mmfs, 
id=Im cos(pe) 
Im sin (pO) (3.2) 
where pO is the instantaneous angular position of the rotor, and 
the rotor coils d and q are assumed to be identical with the 
same number of turns as the stator coil C. 
27. 
In order to have*stationary coil axes-on a rotating 
rotor the d and q coils must be assumed to be supplied via 
conmutators,, as in the case of d. c. machines. The d-q trans- 
formation is therefore often referred to as the commutator 
transformation. As in d. c. machines, the emf induced in the 
rotor or stator coils due to rotation is proportional to the 
flux on an axis normal to the coil axisl however in a. c. 
machines the re is an additional emf induced by transformer 
action between coils on the same axis. 
Assuming that each winding produces a sinusoidal flux 
density distribution and the armature is symmetrical the 
voltage equations of the d-q axis model are given as 
Vd= (Rd+L d S) id +Lq6'q+MdcSj"c (3.3) 
v. = -L d ei d +(Rq+L qS)'q-Mqc 
ei 
c 
(3.4) 
M cdS'd+o+(R c 
+L 
c 
S)i 
c 
(3.5) 
where S= d/dt. operator 
Mdc=Mqc=Mcd=M are the mutual inductance between stator 
coil and rotor coils 
It can be seen in equations (3.3)-(3.5) that the flux 
between the stator and rotor coils on the d-axis gives rise to 
a transformer emf (M dcS'c dmd McdS'd) whilst the same flux 
gives rise to a. speed emf between the stator and rotor q-axis 
0 coils (-M qc 
ei 
C). 
In matrix form, equations (3.3)-(3.5) become: 
F. Y3 = 1. -ýD 00 (3.6) 
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The impedance matrix CZD can be divided into parts 
separating the resistive terms into an 1. -ýD matrix, the 
inductance terms into an f]. D. matrix and the motional voltage 
terms, which may be related to the inductance terms, in an 
array usually called the CGD matrix. Hence the impedance 
matrix can be written as 
+ 1. ýD S+ CG3 
where Rd 00 
0Rq0 
_O 
0R 
C- 
Ld0m 
CL3 0Lq0 
M0L 
and 0L 0- 
q 
-L q0 -M 
-0 
0 0- 
3.3 Torque Analysis Using the Model, 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
The total instantaneous power input to the windings is 
Pidvd +i 
qvq 
+i 
cvc 
(3.11) 
T F2- 3 
.y 
(3.12) 
Substituting equations (3.6) and (3.7) into equation 
I (3.12) gives 
ý3 T [RD C 3 C 
T 1-3 ,ST 3 
ý3 + C3 S3 (3.13) 
ýD T CRD where C3 C13 represents'the total copper loss-in the machine 
and is of the form jR12 
. since is a diagonal 
matrix 
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C13 T Fj- S- 13 013 represents the rate of change of storýd 
magnetic energy 
C13 T Fj 
. 
936 C3ý3 is the difference between the input power and 
the other two terms and represents the mechani- 
cal output power 
For a p-pole pair machine, the torque acting on the 
rotor is then. given as 
vl-iDTI-3 J-D 
-9 
1 "'ý P Fjd: Lq'j 
Pi d ('q L q) -P'q 
('J 
Pi d*q-P'q('ýd+*dc) 
where 9) qiqLq 
'Pd 'd Ld 
ac icm 
0Lq0 'd 
-Ld -m iq (3.14) 
-0 
0 0- 
-iC- 
'd +-ic M) (3.15) 
(3.16) 
As the q-axis coincides with the interpolar axis, i. e. 
the axis having maximum reluctance, then it is assumed that 
q -*0 and 
thus 
-pi qý 
(3.17) 
where *d"dc (3.18) 
With the motor supplied from an a. c. current source and 
using the current in the stator coil d as the reference phasor, 
the current is expressed as 
ic=I coswt (3.19) 
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Neglecting the effect of saturation and assuming that 
the f lux linkage ip lags the vector sum of the stator and rotor 
nmfs (I and I) byf'TJ"o , then the phasor diagram of Ij, I j, 1 d \!! j S d' 
I and is that given in Fig. 3.3. It can be shown that the q 
flux linkage is expressed as 
ý= (I Cos (wt-@) +I m Cos 
(p 0 -0) ) (3.20) 
where K=N 2/S 
N is the number of turns in the stator coil C 
S is the reluctance of the stator coil C 
and pe = wt-ý (3.21) 
Substituting equations (3.2) and (3.20) into equation 
(3.17) gives the torque as 
T= -pI m sin(pO)K(I cOs(wt-(g))+Im cos(pe-@)) 
(3.22) 
As mentioned in Section 2.5 the load angle X is measured 
using a reference generator which is coupled mechanically to 
the test motor. With both stators of the reference generator 
and test motor open-circuit, and their rotors driven at 
constant speed 6 (=w/p) by a d. c. motor, the 0-C. emf of the 
reference generator is 
d*g 
= -K IA dt g mgwsin(wt-ft7`I -a (3.23) 12jg g 
while that of the test motor-is, 
dý 
= -KI wsin (wt-nu (3.24) dt m \! Y 
where K9, I mg and 
@9 are the parameters of the reference 
generator 
a9 is the electrical phase difference between the test 
motor and reference generator 
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The stator of the reference generator is aligned-w. r. t. 
the stator of the test motor such that dýg/dt and dý/dt are in 
phase and hence, from equations (3.23) and (3.24), the angle 
of the reference generator (a +fu-' ) equals the hysteresis g 14yg 
rTT% angle ýHj of the test motor. 
Under normal operation of the motor when Id lags I by 
ýc , as shown in Fig. 3.41 the angle ýc is expressed as 
ý=I- c 
(3.25) 
and ý can be determined by measuring the value of X with the c 
reference generator. 
Taking into account the second statorl which is 
displaced by a0 and left opep-circuitj the total torque acting 
on the rotor is 
T -PKI m sin(pe) 
(I cos(wt-@)+Im cos(pe-@)) 
-pKI 2 sin (pO+a) cos (pO-@+a) (3.26) m 
By substituting equations (3.21) and (3.25) into 
equation (3.26), it can be shown that the average torque is . 
T=p 
KI 
mI dos (X+2@) -pKI 2 sin@ (3.27) 2m 
In equation (3.27), the last term is equivalent to the 
hysteresis irop-loss drag torque Ti discussed in Section 2.4. 
However the effect of hysteresis also modifies the load angle 
from X to (X+2@), thus verifying the observations made at the 
end of Section 2.5.2. 
3.3.1 Torque analysis with stator c61l open-circuit 
With the stator windings open-circuit and neglecting 
friction ýorques, the torque required to rotate the rotor is 
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given as 
T -pKI 2 sin(p6) cos(pO-@) m 
-pKI 2 sin(pe+a) cos(pO+a-0) m 
-PKI? Ccos(a)sin(2p6+a-@)+sina m 
(3.28) 
(3.29) 
The first term of equation (3.29) is the saliency torque 
and is an alternating torque while the second term is the drag 
torque due to hysteresis. If hysteresis is neglected, i. e. 
1'1ýý=O,, equation (3.29) is of the same form as equation (2.10). \! Y 
3.4 Oscillation Analysis 
Assuming that the rotor oscillates at wo=2w with an 
amplitude C about its mean synchronous speed then the instan- 
taneous angular position is 
pe = wt-ý c 
+C cos(2wt+$) 
wt-l' -t@+X+C cos (2wt+0 (3.30) 2 
By substituting equation (3.30) into equation (3.26) and 
assuming C<<l, it can be shown that the instantaneous torque is 
given as 
T CJO(C)cos(X+2@)"J, (C)sin, (X-$)+j (C)cos(2wt+X) 20 
KI2 
-2JI(C)sin(X+2@)cos(2wt+$)-j2(C)Cos(2wt+2a. -X)3 
m Ego(2C) {sin (2wt+2X+(S)) +sin (2wt+2X44@+2a) +P -2 
+J2(2C){sin(2wt+20-2X-. @)+sin(2wt+2a-2X-2a-@)-I 
+jx (2CI {cos (2X4. @-a) +cos (2X+2a4-@-aý-2sin@D 
(3-031) 
This torque must equal the mechanical torque whichis generally 
given as 
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TL +T f +D6+J*O* (3.32) 
Since D5-)-O as shown in Section 2,3,, the mechanical 
torque is then 
TCTf-JC 4w 
2 
cos(2wt+ß) (3.33) 
By equating equations (3.31) and (3-. 33)l the average 
torque is given as 
KIMI 
Tt+Tf 2 -"To 
(C) cos, (X+2@)) -J, (C) sin (X-0)3 
KIm 2 
+p T;. - CJI(2CJ{cos(2X+@-O)+cos(2X+2a+@-$)I 
-2sinQ] (3.34) 
The oscillatory torque consists Of tWO components, the 
cos(2wt+a) terms giving the expression 
CIW 
2 KI m1 -0) C(IT-0 (C) -LT2 (C))COS (X -2J, (C) sin (X+2@)D pP -2 
KIM 2 
(1 (2C) -J2 (2C)) 2o pin 
(2X+2a+@-$) +sin (2X+@-O)D +p 
(3.35) 
while the sin(2wt+a) terms give.. 
KI I 
m 0= -p -2 (Jo (C) +J 2 (C)) sin (X-a). 
K, 2 
+p-2m (Jo (2 C) +J 2 (2 C) pos (2X+@-ý) +cos (2X+2a+@-$)D 
(3.36) 
3.5 Comparisons of Average Electrical and Mechanical Torgues 
for the Case of Neqligible Rotor Oscillation . 
The accuracy of the model was established by comparing the 
average mechanical and electrical torques acting on the rotor. 
Initially the comparison was restricted to the case when rotor 
oscillations were negligible, i. e. C-*O. The mechanical torque 
consists of the friction torque of the test rig and motor 
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Tf (=6.5xlo- 4Nm), and the load torque TL from the d. c. 
generator. The electrical torque is predicted using measured 
values of p, Ke Im, ka;, I and. X in equation (3.27). 
The measurements of K, I and tu-ý are straightforward M %1W 
and are as described in Section 4.10. The measured values of K. 
I and *-ý'are given in Table 3.1. The measure V-Y ments were 
repeated on the second stator and the results showed that the 
parameters are identical for the two halves of the test motor. 
With the stators of the reference generator and test 
motor aligned such that R --+a equals Wrt'z\ 1-09 9ý as 
described in 
Section 3.3, the experimental technique for measuring X remains 
the same in the presence of hysteresis and is as described in 
Section 4.9. 
Using a high coupled inertia of J=200xlO -7 kgm 2 to reduce 
rotor oscillatibn, such that C-*Og, experiments were undertaken 
to measure the values of X at different levels of current I for 
a fixed supply frequency of. f=5OHz. The experiments were 
repeated for different load torques TL The electrical torques 
acting on the rotor are calculated and plotted ýn Fig. 3.5(a) 
together with the known applied mechanical torques (T L +T f).. 
The plots show that the agreement between the electrical and 
mechanical torques is reasonable, hence verifying the model 
for the case of negligible rotor oscillation. The measure- 
ments were repeated-at, supply frequencies of f=40Hz and. 60Hz. 
The calculated electrical torques plotted in Figs. 3.5(b) and 
3.5(c) again show good agreement with the mechanical torques. 
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Table 3.1: Parameters of the stators 
.... ...... 
1 17.8mA 
K 1.02Wb/A 
. 
(F) 
. 
10.60. . .. 
Table 3.2: TVpical values of the 'steady'-state iexperiment 
f=50Hz, J=2 0OX10-7 kgnf, Tf=6.5 X10-4 Nm 
Load torque Measured Calculated electrical 
Mechanical 
tor ue -4 u t q TL X10 Nm e or P T +T I(mA) X0 Nm xl L f 
X10-4 Nm 
19.8 20 9.2 
26.9 35 9.2 
0 31.1 41 8.8 6.5 
36.8 46 8.5 
4*2.4 : 48.5 9.0 
31.1 5 23.5 
36.8 20.5 23 
14 42.4 28.5 23 20.5 
48.1 33.5 23.4 
56.5 38.5 24.1 
45.2 4.4 37.6 
48.1 11.1 37.5 
28 50.9 15.9 37.4 34.5 
53.7 19.6 37.5 
56.5 22.5 37.7 
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There appears to be a constant error of approximately 
2 . 5X10-4 Nm between the calcuiated and applied torques. It is 
thought likely that this is an experimental error in determining 
the friction torque T f* Table 3.2 shows some typical values of 
measured X and I at different values of TL together with their 
corresponding calculated electrical torques. 
Using the experimental set-up described in Section 4.10# 
the V-i loops of the stator at various excitation currents can 
then be displayed as shown in Fig. 3.6. The loops were displayed 
with the rotor at standstill and thus the permanent magnet 
rotor can be considered as a d. c. mmf which biases the V-i loop 
on the i axis. Testsshowed however that the V-i loops are in- 
sensitive to rotor position and this is because the mmf due to 
the stator current is much larger than that due to the rotor. 
In Fig. 3.6. the VL-i loops saturate at 1 >60mA, thus confirming 
the experimental deduction made in Section 2.3. To avoid 
saturation in the stator iron, the motor was tested at currents 
less than 60mA. 
3.6 Comparison of Calculated and Measured Torques with 
Stator Coil open-Circuit 
From equation (3.29), the maximum value of T0 is given 
I as 
-pKI 
2 (cos(a)+sin@) emax m 
(3.37) 
By substituting the measured values of K, Im, @ and a 
. 
into equation (3.37), the saliency torque (first term in the 
equation) is calculated as 3.4xlo-4 Nm and the hysteresis drag 
torque (second term) is 7. lX10-4 Nm. Thus the value of 
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emax 
jS 10.5Xlo-4NM. 
The result. given in Section 2.5.2, for the case neglect- 
ing hysteresis effect, suggested that the saliency torque Ts 
was 8X10-4 Nm. However analysis given in Section 3.3.1, which 
takes account of hysteresis in the stator iron has showed that 
there is also a hysteresis drag torque together with the 
saliency torque. Hence the apparent measured value of Ts is 
actually a measure of saliency torque plus the hysteresis drag 
torque Tie From this it can be seen that the measured value of 
T +T iý 
8X10-4NM 
iIs in reasonable agreement with the calculated value of 
T Omax ý 
10.5Xlo-4NM. 
3.7 Verification of Model when the Rotor has Oscillations 
about its Mean Synchronous Speed 
3.7.1 ComparisOn of the instantaneous_mechnical and 
electrical torque values 
The verification of the model when the rotor has 
oscillations about its mean synchronous speed is based on a 
comparison of the instantaneous mechanical and electrical, 
torques. The instantaneous mechanical torque is calculated by 
using t as an independent variable in equation (3.33) for known 
values of T L, TZ, J, C, w, p and 0. Similarly with known values 
Of a, w: @r X, Co Or p, K, IM and I in equations (3.26) and 
(3.30),, the instantaneous e. lectrical torque can also be 
calculated. 
For fixed values of f=5OHz and j=15.5Xlo-7kgm2 experi- 
ments were undertaken to measure X, C and $ at different 
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current levels I and load torques T L* Table 3-. 3 shows some of 
the experimental results. 
Because of experimental limitations there are two 
alternative values of a i. e. B'I=ý and ý'2=$-18oO and this results 
in two plots of mechanical torques as well as two plots of 
electrical torques. Figs. 3.7 to 3.12 show some typical plots 
of instantaneous electrical and mechanical torques for the 
measured points indicated in Table 3-3. From the plots it can 
be seen that good agreement between the electrical and 
mechanical torques'is only achieved for 0""2B2. This value of 
ý=02 has therefore been used for all subsequent calculations. 
3.7.2 Comparison of average and oscillatory torque 
S 
The previous Section 3.7.1 has verified the instantaneous 
torque expressions, equations (3.22) and (3.33) by taking time 
as the independent variable. A better understanding of the 
effects of oscillation on the magnitude of the average and 
oscillatory torques can be obtained by comparing the various, 
components of torque magnitudes related to the time invariant 
terms,, cos(2wt+a) terms and'sin(2wt+o) terms given by equations 
(3.34), (3.35) and (3.36) respectively. Again verification is 
based on a comparison of the experimental values of the L. H. S. 
and R. H. S. of each equation. 
By substituting the measured terms p, K,, I MIG)" 
X,, C8, 
and 0(=02) into the L. H. S.. of equations (3.34). (3.35) and 
(3.36), the average and oscillatory electrical torques are 
calculated and plotted in Fig. 3.13. For comparison purposes 
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the average and oscillatory mechanical torques (R. H. S. of 
equations (3.34), (3.35) and (1.36)) are also plotted in 
Fig. 3.13. The plots of the electrical and mechanical average 
torques. given in Fig. 3.13(a) show close agreement, hence 
verifying the average torque analysis given in equation 
(3.34). The electrical and mechanical oscillatory torques 
related to cos(2wt+$) are compared in Fig. 3.13(b)'while those 
related to sin(2wt+a) are in Fig. 3.13(c). From Figs. 3.13(b) 
and 3.13(c) it can be seen that the electrical oscillatory 
torques related to cos(2wt+$) are much larger than those 
related to sin(2wt+$). This confirms that the oscillatory 
torques of D6 are smaller than those oi Jý and can be 
neglected. In Fig. 3.13(b) the electrical and mecfianical 
oscillatory torques show good agreement and this verifies the, 
oscillatory torque analysis given in equation (3.35). 
The experiment was repeated for larger oscillation 
amplitudes by testing the motor at f=4oHz. The results are 
shown in Fig. 3.14. Again close agreement is achieved between 
the electrical and mechanical torques, for both average and 
oscillatory values. 
These tests verify that the model including hysteresis 
give reasonable prediction of-the motor performance. 
4o. 
Tab*le* 3.3 Experimental results 
f=5OHz, j=15.5Xlo-7kgm2.,. Tf=6x3_0-4 Nm Instantaneous 
Load mechanical and Measured variables electrical torque t u lotted orq es p 
T Xlo-4 Nm L I (mA) C 
(radians) p X0 
. 
in fig. 
. ...... ... 
2o. 5 . 0415 15 20 
28.0 . 0622 30.2 36, 3.7 
0 
56.6 . 122 53.2 52.2 3.8 
31.1 . 064 5 5 3.9 
14 42.4 . 0914 27.1 28.6 
56.6 . 1173 41 38.6 3.10 
45.3 . 093 3 4 3.11 
28 50.9 . 1067 15.2 15.9 
56.6 . 1189 23.4 1 22.5 3.12 
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CHAPTER 
EXPERIMENTAL ARRANGEMENTS AND PROCEDURES 
USED IN THE INVESTIGATION 
4.1 Test Rig 
A schematic diagram of the rig used for testing the 
synchronous motor is shown in Fig-4-1. The test motor is mounted 
on a non-magnetic aluminium test bed and is supplied by an a. c. 
current source described in section 4.2. A d. c. machine coupled 
to the rotor shaft of the test motor is used to either drive or 
load the test motor, depending on its selected mode of operation' 
i. e. motoring or generating. Since tesý. results given in Fig. 
2.8 have shown that higher system inertias reduce totor oscill- 
ations, the D. C. machine used must have a very low inertia. For 
this reason the Escap motor (No.: 23D21-213) was chosen. Table 
4.1 gives the specifications of the Escap motor. 
Coupled to the other end of the test motor is a synchronous 
motor having the same number of poles as the test motor. This 
motor is used for measuring the load angle X and is termed the 
reference generator. Again, the reference generator must have 
a-very. low inertia and a sub-miniature synchronous motor, the 
SAlA AMY6 motor, was chosen. The specifications of the AMY6 
motor are summarized in Table 4.1. This synchronous motor is 
designed as a shaded pole motor and to. minimise the eddy current 
effects in the shading rings, the shading plates around the 
stator poles were removed. The reference generator is mounted 
on a perspex frame such that its stator can be rotated in space 
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and aligned with that of the test motor. Fig. 4.2 shows the 
reference generator on its mounting frame. 
The reference generator and D. C. motor are connected to 
both ends of the test motor by a three-section universal coupling 
(HUCO No. : 2100) as shown in Fig. 4.1. The HUCO couplings are 
essential to minimise any friction torques due to slight mis- 
alignmentq in the shafts of the three coupled machines. Table 
4.1 shows the specifications of the HUCO couplings. Assuming 
that the drag torque acting on the O. C. reference generator is 
6x 10-INm, the torsional angle between the rotors of the test 
motor and reference generator is 71.3 x6x 10-4 = 0.0430,, or 
0.043 x 12 0=0.5 0 electrical if referrqd to the p= 12 reference 
generator. This means that the error in measuring X caused by 
the torsional twist in the HUCO coupling is negligible. 
- TABLE 4.1 
Specifications*bf D. C. motor''(Escap 23D21"213) 
Voltage rating 0 Stall torque (20 C) 
Back-emf constant 
Rotor inertia 
Torque constant 
15V 
-4NM 245 x 14 
2.8 x 10 V/rp. m. 
4.7 x 10-7 kgm 
. 270 x 10-4 Nm/A 
Specifications of reference generator (AMY6) 
Power rating 
Voltage rating 
Permanent magnet 
material 
Number of. pole pairs 
0.2W 
24V 
Barrium ferrite 
12 
. ...... ........ 
Specifications of HUCO-coupling '(2100 series) 
Torsional twist constant 71.3 0 per Nm 
. .......... ........ 
-I 
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4.2 The A. C. Current Source For The Test*Motor 
During the initial stage of the experiment the test motor 
was supplied from a voltage amplifier (Savage Mk II Star 1 
(14) kilowatt amplifier) To ensure that the motor current was 
sinusoidal, the test motor having an impedance of 230 +jO. 7w 
was connected in series with aM wirewound resistor. This 
method of producing constant current in the test motor is 
(6) 
identical to that used by Bassayouni However it has been 
found that the voltage amplifier used produces an unwanted beat 
frequency of f -5OHz where f is the frequency of the oscillator* 
This beat frequency generation is inherent in the design of the 
Savage amplifier and hence could not be eliminated. 
It is well known 
(15) that the current across an impedance 
zL can be made independent of ZL by connecting ZL in the feed- 
back loop of an amplifier. Fig. 4.3 shows the current feedback 
circuit. The output voltage of the amplifier is given as 
vo = (v i-v 
where A is the open loop gain of the amplifier. 
Assuming A >> 11 then the input voltage is 
vR iR 
and the current is 
(4.1) 
(4.2) 
(4.3) 
From equation (. 4.3) it can be seen that this current 
feedback arrangement makes the current i independent of Z L* 
By replacing ZL with the test motor, the circuit arrangement 
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shown in Fig. 4.3 is used as an a. c. current source for the test 
motor. 
commercially available audio power amplifier, ihe JPS 
150L,, was chosen for the modification of its conventional voltage 
feedback to current feedback arrangement because it has the 
suitable voltage and current ratings of 56V peak and 10A peak 
respectively. The schematic diagram of the power amplifier sub- 
divided into its voltage and current amplification stages is 
shown in Fig. 4.4. With the switch S in position 1, the power 
amplifier is in its normal voltage feedback arrangement via RI, 
R2 and C1. The power amplifier is switched to current feedback 
when switch S in in position 2. The capacitors C3 and C4 are 
used to block d. c. voltages and R3 provides a, unity transfer 
function for d. c. signals, with R being the a. c. current feed- 
back resistor. It has been found that in practice the power 
amplifier can be unstable under current feedback mode and C2 Must 
be used as a compensating capacitor(15) such that it inserts an 
extra pole into the transfer function at a lower frequency than 
the existing poles and introduces a phase lag in the transfer 
function. 
Tests with the modified power amplifier switched to 
current feedback mode have shown that the voltage waveform across 
R,, i. e. the signal representing the current of the motor, is 
identical to that of the input voltage vi* Oscillograms in Fig. 
4.5 show the current waveforms of the test motor for different, 
input voltage waveforms to the amplifier. ' From these it can be 
seen that the amplifier is a voltage-to-6urrent converter, i. e. 
it gives an a. c. output current for an input voltage signal. 
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4.3 The D. C. -Machine And Its Power Supply 
In the chosen d. c.. machine (Escap motor), the magnetic 
field is provided by a permanent magnet. The armature coils 
are wound on an ironless former and supplied with current via 
a commutator. Fig. 4.6 shows the equivalent circuit of the d. c. 
machine with the armature circuit (conductors, commutator and 
brushes) represented by R a* 
If generated voltage Ea is less 
than the supply voltage Va, the source will supply power to the 
machine, which therefore acts as a motor. Then the voltage 
equation is given as 
a+IaRa 
(4.4) 
If Ea> Va , the source will absorb power from the machine which 
therefore behaves as a generator. With opposite direction for 
positive Ia, the generated voltage is 
Ea=Va+IaRa (4.5) 
With steady state conditions, the generated voltage is 
expressed as 
E =KO aa 
and the torque produced is 
(4.6) 
EI 
TL aa=XaIa (4.7) 
6 
where Ka is the torque constant and is proportional to n and B 
n is the number. of conductors in series between the brushes 
B9 is the airgap flux density. 
Referring to equation (4.7), the torque of the d. c. 
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machine TL is directly proportional to the armature current I a 
Hence with a d. c. currený source supplying the armature circuit, 
the torque of the d. c. machine can be controlled by varying the 
current I and is independent of speed. a 
With the armature winding open-circuit (I a= 
0) and the 
d. c. machine driven at synchronous speed 6 (=w/p) by the test 
motor,, the generated emf Ea was measured at different supply 
frequency f (= w/27r) of the test motor. Fig. 4.7 shows the 
variation of Ea with f. From the results, the torque constant 
is calculated as 
KEpEA 
Ea 
= 280 x lo-'4 NM/A (4.8) 
aw 27r f 
which is in close agreement with the value specifidd by the 
manufacturer. 
4.3.1 The d. c. current source for the d. c. machine 
Using the same current feedback arrangement described in 
section 4.2, the circuit design used for the d. c. current source 
is as shown in Fig. 4.8. The power op-amp used is the LM379S 
(16) 
having a voltage and current rating of 14V peak and 1A peak. 
The current I is controlled by the potentiometer R which is a 
supplied by a constant voltage vz The resistor network R2 and 
R3 is used for adjusting the output offset-voltage since no such 
facility is provided within the op-amp. In the diagram, S is a 
2 pole- 2 way centre off switch for selecting the mode of 
operation, i. e. motoring, off or generating. 
4.4 Measurement of inertia 
The inertia of the permanent magnet rotor is measured 
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(17) 
using a bifilar suspension technique The rotor is sus- 
pended by two thin threads fastened to its circumference and 
rotated by an angle 6. Assuming system damping is negligible, 
the motion equation of the system is given as 
410 
+ mg- x sin* OE 0) =o 
dt2 k 
where J is the inertia 
M is the mass 
x is the radius of the rotor 
L is the length of the thread 
is the gravitational constant (9.81MS-2) 
(4.9) 
For a small angular rotation sin(xO/Z) -* (xe/k) and 
equation (4.9) is now rewritten as 
d20 
+2 Mg 2L 0 =_ 
dt 2L 
(4.10) 
Equation (4.10) describes a typical simple harmonic motion 
equation with a period of 
T*= 2 
By rearranging equation (4.11)t the inertia is given as 
Mg (M) 1- 2w (4.12) 
With the rotor suspended by two 150mm threads and twisted 
to oscillate, the period T was timed with a 0.2 second resolution 
stop watch over 50 cycles. The experiment was repeated for 
different thread lengths and cycles. Using equation (4.12). 
the average 'measured' inertia of the rotor plus its steel shaft 
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is given as 10.5 X 10-7 kgM2. 
Using the above experimental technique, the inertia of 
the rotor, steel shaft and a HUCO coupling was measured as 
10.65 X 10-7 kgm2 and hence the inertia of the HUCO coupling is 
estimated as 0.15 x 10-7 -k UM2 . The same technique was used to 
determine the inertia of the brass disc which was used to reduce 
oscillations such that C -ý-O. 
Since the rotor of the reference generator was small, it 
was assumed that its inertia was negligible compared to that of 
the test motor. 
on the test rig. 
Table 4.2 gives the inertia of each component 
TABLE* 4.2 
..... Component.. 
Inertia X10-. 7 , kgm. 7. 
Test motor 10.5 
D. d. motor 4.7 
HUCO coupling 0.15 
Brass disc 190 
Reference generator 
....... ........ 
negligible 
4.5 Measurement of Instantaneous Rotor'Speed 6 
A Laser Doppler Velocimeter 
(18) 
was used for measu ring 
the instantaneous speed of the rotor 6. Since the instrument 
uses a laser beam to track the rotor movement, this method of 
measuring speed does not intrease the inertia of the system. 
The instrument consists of a laser, a signal processing filter, 
a compatible frequency counter and an integral power supply. 
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The rotor speed signal is obtained from the 'Frequency Analogue 
output' socket of the instrument. Some typical rotor speed 
signals measured with the instrument are shown in Fig. 2,7. The 
speed signal obtained with the instrument is expressed as 
V6 (4.13) 
where GL is the gain of the instrument. 
With stator coils of the test motor oPen-circuited and 
the d. c. motor driving the test motor at a constant speed 
6(=2nf/p, where f is the frequency of the induced emf in the 
stator coil), tests were undertaken to measure the variations of 
v6 with f. Fig. 4.10 shows the plot of V6 against f (= pb/27). 
From the figure it can be seen that v varies linearly with f 
and hence verifying that Gi is a constant. 
The speed of the rotor can also be measured with a tacho- 
generator. However this method of measuring speed was not used 
in the investigation because it would increase the inertia of 
the system. To check that the laser can measure rotor 
oscillations accurately, tests were undertaken to compare the* 
oscillatory speed signals measured with the laser and with the, 
O. C. output voltage of the d. c. machine operating as a tacho- 
generator. Fig. 4.11 compares the rotor speed oscillations 
- measured with the laser and the d. c. machine. The signals which 
contain high noise levels were those measured with the laser 
instrument. In Fig. 4.11(a)- it can be seen that the agreement 
between the measured speed signals is good. However if the 
direction of rotation is reversed, the oscillograms given in 
so. 
Fig. 4.11(b) show that the oscillatory speed signal from the. 
laser is 180 0 out of phase with that of the d. c. machine. 
Although facility on the laser exists which eliminates this 
ambiguity unfortunately this was not appreciated at the time. 
The correct phase of the oscillations was therefore ascertained 
by comparison of the results for both values of 0, as described 
in section 3.7.1. 
4.6 Measurement'Of The Amplitude OfThe'Rotor 
Oscillatiorl C 
From equation (4.13), the speed signal from the laser 
instrument is given as 
V6 =GCw_ 
2ýLC 
sin(2wt+a)] (4.14) Ipp 
V Od. c. - v6a. c. 
where the d. c. voltage = G; (4.16) V6d. c. p 
and the a. c. voltage =G '2w C (4.17) V6a. c. ' p 
Since the speed signal from the laser instr=ent contained 
noise, as seen in Fig. 4.11, and to minimise instrumentation - 
error due to noise, the r. m. s.. value ofv6a. c. was measured 
with a Wave Analyser, the Marconi TF23301 which has a bandwidth 
of 7Hz. The magnitude of v6d. c. was measured after filtering 
out the a. c. component of the speed signal using an a. c. filter 
circuit shown in Fig. 4.12. Using equations (4.16) and (4.17),, 
it can be shown that the amplitude of rotor oscillations is 
given as 
-V6 a:. -c. (4.18) V6d. c. v/2 
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4.7 Measurement* Of The, Phase Of The' Rotor* Oscillation a 
4.7.1 Synthesizinq a, refer*ence* siqnal, having, a 
'frequency of*'2w 
From equation (4.14), the phase of the rotor oscillation 
a can be measured w. r. t. a reference signal having an angular 
frequency of 2w. Hence this necessitates a reference signal of 
frequency 2w to be synthesized from the reference signal of 
I. cos(wt) as defined in section 2.1.1. By wiring the analogue' 
multipiier circuit 
(20) 
shown in Fig. 4.13 as a squaring circuit, 
a signal of 2w can be synthesized from an input signal of w. 
For a given input signal of vR cos(wt)l the voltage across the 
feedback resistor R of the a. c. current source, the output 
voltage of the squaring circuit is given as 
v 
XY 
=vR2 
Cos 2 (wt) 
=vR2 Cl + Cos (2wt)] 0= f-O 10 20 
The oscillogtam in Fig-4.14 shows the input signal 
(vR cos(wt)) and the a. c. output signal from the squaring circuit 
(vRI/20 cos(2wt)). The synthesized output signal of the squaring 
circuit is referred to as the reference signal for the measure- 
ment of a. 
4.7.2 Technique used for measuring $ 
Because the speed signal from the laser output contains 
a high noise level, the phase of rotor oscillation $ cannot be 
measured with great accuracy using conventional phase measuring 
equipment because the Schmitt trigger circuits used in the 
equipment are sensitive to noise. Integrators having v/2 phase 
shifts were tried as a first attempt to reduce the noise level 
in the speed signal. But they were not successful because the 
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low frequency speed signal due to the concentric movement in 
the rotor shaft was amplified and it modulated the speed signal. 
Third order low pass filters having Butterworth characteristics 
(19) 
were also tried, but this method was rejected because the phase 
shif t is a function of frequency. Hence-a phase measurement 
technique using an analogue multiplier was developed. Assuming 
the a. c. speed signal can be expressed-as 
'Vba. c. = v2cos(2wt+a) 
+n2vn cos(nwt+o n) 
(4.20) 
and the reference signal is 
vcos(2wt) (4.21) 
By multiplying v 6a. c. and vr via an analogue multiplier 
(Fig. 4.13) and filtering the a. c. component via an a. c. filter 
(Fig. 4.12), the d. c. output voltage from the a. c. filter is 
given as 
v=G 
V2V 
COS(B) (4.22) f a. c. 20 
where G a. c. 
is the d. c. gain of the a. c. filter. 
The analysis above shows that the method of measuring 
is independent of noise and harmonics. However it must be 
emphasised that this technique of measuring ý has high error 
as Icos(S)l -* 1. This is due to the lack of sensitivity in the 
0 cosine function as 0 -* 0 or 180 . To overcome this lack of 
sensitivity near this region the reference signal is integrated 
such that 
vr. Giv sin (wt) (4.23) 
and the d. c. component after multiplying vr with v 6a. c. 
is then 
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given as 
v -G G 
V2V 
sin(a) fia. c. 20 
where GI is the gain of the integrator. 
(4.24) 
For higher measurement accuracy of ý it was decided that 
the integrator should be used only when Icos($)1>0.7071. 
Using the experimental arrangement in Fig. 4.15# test 
results. have shown that this technique of measuring $ is 
Independent of any added distortion or noise, and 0 can be 
measured within ±30 over the range 0 to 3600, Fig. 4.16 shows 
some of the distorted waveforms used to verify that the phase 
measuring technique is insensitive to unwanted signals. 
Test results given in section 4.5 have shown that the 
laser instrument cannot sense the direction of rotation, and 
therefore there are two alternative values of v such that 6a. c. 
Vba. c. = MV2COS(2wt+$) 
where m= ±1. 
(4.25) 
By substituting m into equations (4.22) and (4.24). the 
phase of rotor oscillation is given as 
Cos-, E 
20 vf3= 
sin-' E 
-20 vf 
(4.26) 
mG a. c. 
V2V - mG iGa. C. V 2V 
For m=1 in equation (4.26), the angle of 0 can be determined 
since the polarities of cos(O) and sin'(a) define the quadrant 
in which a operates, and similarly for the case Of-m = -1. This 
gives rise to two alternative values of a i. e. 
a, =0 for m=1 
and 
180 0 for m 
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(4.27) 
, 
(4.28) 
4.8. - Measurement Of. Coil. Constants. k and k9 
By using the experimental rig, described in section 4.1, 
in which the test motor is driven at a constant speed 6(=W/p) 
by a d. c. motor, the open-circuit induced emf of the stator has 
been measured. From equation (2.7) the emf equation is 
21 
= 
!ýw 
cos (wt) dt p 
(4.29) 
and k can be determined from the measurement of E and w. By 
integrating E with a calibrated integrator, having unity gain 
at 15Hz, the peak output voltage of the integrator is given as 
vGk 0p 
v 12v 0 from which G 2n15 
(4.30) 
(4.31) 
where-G i is the gain of the 
integrator which equals 21T15. 
Tests have shown that k is independent of frequency up 
to the maximum test frequency of 20OHz. Results show that the 
value of k is 218 x 10-3 Nm/A. 
The test was repeated for the reference generator and 
the result showed that k is 10.3 x 10 Nm/A. 9 
4.9 Measurement Of' Load' Anqleý X 
With the reference generator and test motor driven at a 
constant speed 6(=w/p) by the D. C. motor, the stator of the 
reference generator was aligned with that of the test motor, 
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such that the O. C. emfs of the reference Oenerator and test 
motcr were in phase. Alignment was checked using the phase 
measurement technique described in section 4.7.2. From'section 
3.3, the flux linkage of the reference generator is given as 
k 
Pgg KI Cos (pe- Cos (Pe- (4.32) 9 mg P %el 
where k9 is the coil constant and was measured as 10.3 x 10-3 
Nm/A using the technique described in section 4.8. 
Substituting pO from equation (3.30) into equation (4.32) 
gives 
k 
IP --q Cos (wt+X- +C cos (2wt+o) (4.33) 9p2 
Neglecting the harmonic content of dý /dt, the O. C. emf 9 
of the reference generator is 
dýg kw 
Eg =9 J-J (C)cos(wt+X)-J, (C)sin(wt+. $-X)] (4.34) dt p-0 
Using the circuit arrangement shown in Fig. 4.171 the 
output voltage of the a. c. filter is given as 
v=Ga. c. 
(A1V ) 
A2 
k 
'j w 1-J (C) C0s (X) -J , (C) sin (ß-X) f -2 p -0 
3 
(4.35) 
In equation (4.35) the only unknown is the load angle X 
and it is determined using an iterative method known as 
(21) 
Newton-Raphson 
4.10 Measurement of. K,,. l M and. 
@ Of. Test. Motor 
Using the test results of section 4.8, the flux linkage 
of the main coil C produced by the magnet is given as 
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k 218x*10-3 
= 18.2 mWb OC 
p 12 
With a search coil wound on the stator concentric with 
the stator coil C andoassuming no leakage, the flux linkage of 
the search coil is given as 
N 
IP 
'SC 
lp sc Ncc (4.36) * 
where NSC, NC are the number of turns in the search coil and 
coil C respectively. 
The flux linkage ip SC was measured by integrating the emf 
of the search coil. Measurements of ý SC were made with the 
rotor driven at constant speed and stator coil C open-circuited, 
and then repeated with the rotor stationary but with coil C 
excited to give the same magnitude and frequency of ýSc, then 
for these conditions 
c KI -. 
2 
-% (4.37) 'PSC ýNcm 
and from equation (4.36) therefore 
a 
PC/Im (4.38) 
where Im is the equivalent current in coil C required to 
produce flux linkage ý SC 
is the angle which ý lags I W SC m 
Using the experimental arrangement shown in Fig. 4.18, 
the values of IM and are measured at various test frequencies 
and the results together with the corresponding calculated values 
of K are given in Table 4.3. 
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The tests were repeated on the second stator coil in the 
motor and the results showed that the average values of K. Im 
and (2) were identical. 
.1 
TABLE '4*. 3 
Measured- values. of K,,. I and. m 
Frequency 
f(Hz) 
Equivalent 
current 
1. (mA) ..... 
K value 
(H) 
........ 
rIJN value 
(Tegrees) 
.. 
30 17.7 1.028 10.3 
40 17.7 1.028 16.4 
50 17.8 1.022 10.5 
60 17.8 1.022 10.6 
70 17.9 1.017 10.8 
80 
........... 
17.9 
. ...... 
1.017 11.0 
Average 17.8 1.02 10.6 
value 
4.11 Measurement Of The Electrical Shift Between The'Two, 
stator coils* a0 
With both the stator coils in the test motor open-circuit 
and the rotor driven at a constant speed by the D. C. motor, the 
flux linkage of a stator coil produced by the-magnet is given as 
KI 
m cos(wt- 
(4.39) 
while that in the second stator is 
lp Ki Cos (wt- (4.40) m 
58. 
By using the phase measurement technique described in 
section 4.7.2, the phase shift between the flux linkages in 
the two stator coils was measured. The results showed 'that 
the angle a was measured as 85 0 ±3 0 over the test frequency 
range of 30 to 10OHz. 
59. 
CHAPTER 5 
CONCLUSIONS 
Initially a linear mathematical model was used to 
q 
predict the performance of the test motor. Under the non- 
oscillatory condition, test results showed that the peak 
torque obtainable from the test motor was predicted with 
reasonable accuracy when the drag torque due to friction and 
iron-losses was simply included as a lumped additional torque 
component. The model was then extended to cover the 
oscillatory behaviour of the motor. Experimental observations 
confirmed that the predicted oscillation frequency was twice 
the supply frequency. For this oscillation model the accuracy 
of the model was investigated by comparing the predicted 
average and oscillatory torques with known values of applied 
load torques. Results showed that the model did not 
accurately predict the torque values. The cause of the in- 
accuracy was thought to be the effects of hysteresis in the 
magnetic material of the stator since drag torque experiments 
showed that hysteresis iron-losses were significant. Analogue 
(6) 
simulation studies by Bassyouni had previously shown that, 
for the non-oscillatory case, a more accurate model for the 
motor could be achieved if the hysteresis effects were 
included in the form of a hysteresis loop in the simulation. 
By representing the permanent magnet as an equivalent 
rmf source and characterising the effect of hysteresis as a 
phase lag between the flux linkages and the corresponding nmfp 
6o. 
a model based on the d-q axis theory was developed. Analysis 
has shown that the effect of hysteresis does introduce a drag 
torque but additionally it modifies the load angle in the 
torque expressioný-. . The new model including hysteresis gave 
good agreement between predicted and known values of both the 
average and oscillatory torques. Following the completion of 
this work subsequent studies in the Departmen t based on the 
model developed here have successfully analysed the full 
dynamic behaviour of these motors over a wide range of 
oscillation modes. 
The small size of these motors has necessitated the 
development of novel experimental pro'cedures. Constant current 
source systems have been designed and a number of important 
instrumentation techniques have been devised. 
61. 
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APPENDIX A 
BESSEL FUNCTIONS OF FIRST ORDER 
Using the BdSsel functions the following terms are 
expressed as, 
(A. 1) cos (C sine) = Jo (C) +21 'T 2p (C) Cos (2p8) 
p=1 
Co 
sin(C sinG) = 21 1 2p-1 
(C)sin(2p-1)6 (A. 2) 
P=l 
00 
COS(C cose) =j0 (C)+21 J 2p(C)(-l)Pcos(2p6) (A. 3) P=l 
CO 
sin(C cos6) = -21 J 2p-1 (C)(-l)Pcos(2p-1)0 (A. 4) 
P=l 
where n 
ir 
(Cy) 
n+2r 
(A. 5) 
n 
(C) I 
r! (n+r) r=O 
For small C values and neglecting higher order terms, 
2 
(22 (22) (C r 
0 
(CY 1- 2+ 2- '4 (A. 6) 
3C5C7 (C) (-Y) Cy) 
JIM C21 (A. 7) 2 1! 2. r +T1 -3- 1.31.4.1' 
2c4c6ca 
1 (2) CP CY) 
a2 (C) 2+ (A. 8) 0'. 2! 1! 3! 2! 4! 3! 51 
Fig. A. 1 shows the variations of J o(C), 
JI(C) and a2(C) 
with C. 
Similarly for terms relating to 2C are 
c4 C6 
(2C). =1c+-. -. -, )2 0 (1! -(2.1) -C3 1 
13 C5 C7 
Ji (2C) =Cc (A. 10) 1! 2! + "T-. '3. ' 31.4! 
(a) Proving 
c2 c4 C6 c8 
J2 (2C). = 0. ' 2. P. -3. ' + -f -'. 4 3! 5! (A* 
J, (2C) - 
(1 
0 
(C) +J2 (C) 
2JI (C) (1 
0 
(2C) +j2 (2C) )4ý 
r 2r r 
(-J) (c 00 (_J) (C 
2+2r 
2_ + i (C) +J 2 (C) 2 
r=O r 1. (2+r) 
r2rr 
00 
c 
00 (_J) (C 
2+2 (r 
1+ 
T 
12 
r=l (r 1. ) A. -J. 
(r-1) (r+l) 
rc 2r 
(2) 
r=l (r! )2 
co rc 2r 
(2 
)2 r=l (r! (r. ) (r+l) r! 
r 
N 
rc 2r 
(r! 2 
r C% 2r 1) Cf) 
r! (r+l) 
r (C 
2r+l 
=1+1 
"" 
. 
i) L rl. (r+1) (22) r1 
r 2r+l 
(C 2 il (C) 
r= 0 r! 
(r+1) z5 (A. 12) 
/ 65. 
Similarly, 
r 2r 
co (- 1) (C) 
JO! 2C)+J2(2C) 1+Ir! (r+l)'. 
u Ji(2C) (A. 13) 
j0 (C) +LT2, (C) 2JI(C) 
j0 (2C)+J2(2C) JI(2C) 
JI(2C) 
(1 
0 
(C) +LT 2 (C) 
2JI(C) QED (A. 14) (1 
0 
(2C) +LT2 (2C) 
I 
APPENDIX B 
INVESTIGATION ON THE HARMONIC CONTENT OF THE FLUX 
LINKAGE ý AND ITS EFFECT ON THE TORQUE EXPRESSION 
66. 
With the stator winding open-circuited and the rotor 
driven-by a d. c. motor at a constant speed (w/p),. the harmonic 
content of the magnet flux linkage * was measured by analysing 
the integrated O. C. output voltage with a wave analyser. The 
results normalised to the fundamental are shown in Table B. 1 
Table B. 1 Spectrum analysis of ip 
f= 30 to 10OHz 
Fundamental 100% 
Harmonic: 
3rd 2%. 
5th 1.5% 
7th 0.3% 
>9th 0.2% 
By including the harmonic terms of can be 
represented as 
vt Visin(PO)+V3sin(3pO+Q3) 
+ ... +v nsin(npe+a n) 
where ýn=k n/P 
0n is the phase of harmonic 
n is the harmonic number 
From equation (2.14), the electromagnetic torque is 
iclý (B. 2) d6 
67. 
the power is then 
! 2-6 = igl (B. 3) d6 dt dt 
Assuming the current i is distorted. also, the total 
average power including the harmonic power terms is then 
co nkn'n 
P 
en 2 cos 
(en) (B. 4) 
n=l n=l 
where c is the phase shift between k and i 
.nnn 
However,, since the measured distortion of the current i 
is less than 0.2% for all harmonics and assuming the worst case 
when kn and in are in phase, the total harmonic power 
nk i nn (B. 5) 2 
n>1 , 
is small and negligible when compared to the fundamental 
component. The approximation that the harmonic content of P 
Ie 
can be neglected still holds even if the harmonic distortion of 
ý is, increased due to saturation in the magnetic circuit. 
However if the harmonics of ý increase, the eddy current 
losses in the stator magnetic circuit, due to induced emf, will 
also increase. 
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